


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1984-06 


Time-resolved reflectivity measurement of 
extrinsic silicon during pulsed laser irradiation 


Johnson, Geoffrey Davis; Chenoweth, Emory Leigh 


Monterey, California. Naval Postgraduate School 
http://ndl.handle.net/10945/19594 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


(8 DUDLEY research materials and institutional publications created by the NPS community. 
«ist sae Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 


INN KNOX appointed — and published -- scholarly author. 

| LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


Sea eT TS  aeeech wer 
ed mt ion D ty et SO AT hs. pape at Arenin* 
jet tilereg erate F> AS Phy sheet oO Mat pete BABI AHR sg te Peer a taashase@ a 

: 5 catalan Vato Dele bien ae ane ye 


iat. _ 
abe noe a 








fap 
preety aed a hne Oe BO 
pms (pat met 
wr ee om 
ee 
ha pe Ae pee ery 
a2 deat ee ened sane dites 4 fa Mace. ya wo tense tebe te Rad Beer rahe ia, Ded 
Sua ADE anor Mae Mgt ease Aah ADS Veab: ealh: Bo AEP Oe © potted A SAE, SMA. } 
ness Ro 20a ed acs of tun tapos beret. ety fits Ah PCN eae ; P10 te Maren sie 
yh Oh secant e 4 ‘Daaindingier >A Stes SAU FY oo ened aan Naa EH SEAO TLD, ee punter Sts 
30m". eee eh er yew Naa ARAN te MALLE ETRE <2. AAA te A re rw OS 
eat Ve erent Bh Cade sh CRM! SOF wMete Sethe OF . Ph, te ae she." ere YT Vi) Aft, H Be 
Preise at: pre hy cerns ae . ener eee Pinadeted ete mtn eee Apt & bread ohne OO LE wie ane arr 
= re Sl Tae Safe Pa a sere tres SLA. eet Aten 4p apf AF Rete 
- Paper rth rot Ager nt Ruts acho Ss SUT aaa a wage oe ery 
as et cat Aad DON BO LEA AAR Re matt Deen te Be EFT g j 
. : : . - . a cn pyaee. eawetnaemete © © 2% trate cy Sn atgatle woe. DoaT a 
a ’ ahh farm ST Ta ee aarmurerettes 
a c 4 Say meee Mphrteteet 
5 i * tan Te ee alta Os On = Te DS 
rapes ABA ya ay Das de DAM 
Rideibotee dest /\bs wath 
Rore cy oe pady Bete Oy Or 





of HE eee ah] 
ee eh imate « 
a 


ote> got Doteasy tat to paren tie te 
Sacer ee ae ry te 
ine ‘at Ao 
eet OP DE oO oe hs ved F Fy cere ee na 
. = o 
pnd Sh EA IONE ee obabatei~ ¢ ws cee 
> aed OPUS TE gt 7 eetatod® tet” 0 Soe 4 ae 
ee 100» Ore oP Ratan aR cease! « Fe Goan ee ddl Pee ed i. ooo gete © 
BR Se a nee ener mae oet tpt Rae Fact Ber tc ate 
Ye ¥ aed hohe sted» 00 sande ; wenes veeet : 
 Kiaht aonb 0 8 alate ane TRY eat Raper ett a ate Ante stash rte A ede par eee cae =: ah : 
: ; ye mpearmeere vot NA pyre te pokrh Ne eat phat swe sesi iat ne REN . . " . 
r. Sampo a Faia Seema o7\ ay Wesveethis Soho aby ote yyy AAR Rs er non parry eee) : a." 
“I oh oe ENT Phan ste Ce Sat cued avin ON pac eran tn tha ols, hs a, Mo Regln te amp eee eet i 
a J Fak Bk mente pias blniny Baeretmentens Oak Bees wie. ahr te han ede, FH per dvka othe 
4 a Caer acnrtee erp ont aN »- Lr ‘De Yule Achebe A ere td, tay bale -beeiia me eee Sine? 
peng o.oo ys CET Te ened Seats th Ais rate le Bie DEB Teen Mths Re See 
me : . 2 a reise 2 ovine De dagts Was Stee mars te ANN 
e ee aoe wap en hedh, Bindha bs Min bh whet an bs 
the rk, Ben Das beer BOREL 





¥ Merged . 
ad re pee Qe esac es ete ardnc Sy Da abingere 8 A tte stag REM 
wee Rap tao Ripe lp tee ser 


¥ eSnen® . 
= tod Jiygla t gyre annneen” Ae ; 
sae Je BASole em NWS! Re cena 
ste oe 





ro a} ty 
gr dak Cyt PELs gre 5h 
ae oS <a 


oo he 


5 & wm MH Geom # 


karate 
aah Aging he tote hates Oa 
o » Ber RO 











jth POP A 
Ye OS, rire wn Pil eoree tere aa, Satu eeek 
Pe, las Petit ined te intee Pend: te . " a : 
to Ota Ot ehh” Hein Ren 2 ad eet ¥ th tne Ode ed? we D> oes o vanes teh imo cttiets ad ns bx yeeness Pra 
a & Peer Ta anne vhendvapeled ot Cutt baw de sete Sey an! a hp meneaterted det Ys aaiead ps eth ree oan 20 Hepat eet oper teeta" Pin ea aR Mal » 
Feta ne Tee wT Tae  eedetoan, Bt: Ade 7m eT aa Pekan: Cede pt Te Te nn rd ae gran Teele Pestit Abit fae ANN aero wets , Norra 
At pee a pike acta ts *# * sam on matrel se ie, eer pon Ts PP Pewee TOA rg rl = a ont ' a a rhilig at Neeley lh he Le a ad eettbrtn dg on Pyeng an atta *% Aap eagle ie 
Te. peg eren Te  oegd Pere, wae Race germ} a Nt Footer t® AIMS APS ee Er wt ee a ee fy, “aa saber hn Boar Sonca ta heh 15 ain» be 5 Rate h DONT ake amare aan ete B Nee : o 
Bad I DIATE OL Res cle ee etek A a ore » ae pa ppg 4 oe YL POT ae Angee ® Aol SPQ erat erg nar 2 nde er sine SARIMPE LS MF aaeh 18 Rater eee Ray Re"E Me he Pine LRN Se Vet . 
© adie fh nes Fates o bmw ow ne fee Oe eS ee OTe as sede refed We py Reta RN sete aerese FPR New eel PT eamembtie’ iene =e 9 BOARD Nga a ei Mage cui « Bi he mae anno rh, Soa eallinr VRE Dateetgh 5 Besem ng Teeny, 2 SE Rata the ® De Wee 
ae ES 4. arres aoe Aeemtog eer ae pata ae - 7.9 of Ne adhant® rE teak J cod wena dp pa eS aepia gee natenen nhs ponentanr ees OLN VT tay eree ¥ Sevaae renee a ee che hehe tena Pe Soe OE araee 
goo er 8s le Pe ead te! peotr eR Oe pulede oot se ae ahs. Goby canhers A ide 2OF edad RT bat GaN —— oa Tenn Rs oanotke ana ra arias Soar A ao ——- St fick toTan ts Hae te tAeoNHy, RO OMe ep WAAR Re th A Rares Srvdinedh cs Uaarna TR Tagine Bette PL mare 
PONE ee tet P voted new tnt 7 oie oe ahti~ ete BTL eeThP Dap eS Tae a eel wm Botan mater te heoke mahets cally & Yad es a ¢ apni TP — aathaetinet™ “i i. y tv ait SECON en ae eee RE Se rN 
ea FTA ERE OT aha Reiss OREN © Ngan yee sees wsaqnee @ A pecaeserer “Ne peice Poe Patina tte ae > teow Pip = ade pasty ae edn yea etere “4 apne male tne ad are ncodty Sel Sree Reta coat d: tog ae eat 2 dam tt tee arn oe, WEA rs :: 
cane Petede = 0" aot Fa: &ONnY E wap <5 oa ease k * i? seattgret te Notas pe OMe OT aS Rp emenreie es. Moen eS ry apna ons grec oaeaioe S82 heat aee wa eens sbtahversa ado Neer % Une mal Be bet Sota ore ner rae week nae agent — 
eae tee 1 gear Ree ngeaeane Rigpenenin! Age oo 5 ee oe Pee pinay ht Eo te pe et no AANN 2 eB be Ap ae ee pare moan waver! en hte ba a . a toearetn 8 Ae stnste Dos Wy BN, m Ave Sth Se tna tN Mbyte te A tythy MAb mS” Mee Rahat cei Re Rak, ates ReReets aimee Ma TE 
Spratt OE eee i POOLE S anaess neat eee FDS oe ee core act pate no ene aerate a ea eet Me sed ty wean Ore) grea aa musaer tae care FN Oe 4a Weegee SRN AES rer gn Palade te Bee yA s 
a perrrae =. Sedraipnenecn ne SS ial Oe akin atere ES SS Pa nr P necgyee) ete amerds pune oho papier ame "rte ag Rash aA Bh ren pte erat pe gee ee te A as Pag erty hanes 7 aap er NTE otra a ONS S DarePew mn Tagpanass on™ 
. i re a o*5 2 od ob. 2 & % - oh, here ye to" 
Pate ckaecannguoce sta Lua ye npr a ia nS net: a ene ag. een oN an en raeneeet, Pee ea raceper eee Sonat re ae he ste erat Se inh 
ape Ny ee nae 2 aman, ee ND cad teeta fd TOS Angnend tte WOR SO reo eee enact Agta et Nalin NE reaper en Se eee 4 = aes ora a ene gira eee ne et ieee gene ara: 
Fat tie re ot a rere fare at DRE AAS wate aparece ey re c eaare Wo rivd 9 eta = neonates agree ned veer ADR, soe na Mae ANOON Sota “nip Terre, Mele NAELY A fem Ther acting teeta aay Varn tay Be ee mine ntene tte oa peep ep oe eee : 
ee peg ee apind war eee 2 state cit - Me cmrAats O-9 pare Yn ar ree Ts ae, oe - +— eee me : -— ne ene on are m +4 near t — mage, Um M * ee and ae Rental aloes Serene Horan eS Beh TS pA AK a ated Hata totly Wren REE We SEH: hm Brose We 
ott ee seat oD pomiealtes 2pati ame fod ews-¢ neeee! At * eo note that Saka usin tnd? F ten 9 othe Pt Yael an, ss _ mya oe aT 6 MAM a & tess <a. Nal A gem ty ai Mag, RR tO ed cae dane ioe, Oe Te NIH Se arg be way 5 ecmenen sen Tee sree Barta S157) 
OT yg, god adedes of nike Rae ot Ot a tere aly Sy cafe ws? adele sosney Page egrets ance a EN Rpt yi Dag ed MEERA TCD LN Sportees 9 F% eat qed Mee ngerb sr gcey hae ae en tenes Fh wee te 0S pinta b ent cartels mafic’ BONEN Rates 
veer a Pacer? oh yak SF oticateatatet Agee ee oe a) <7 ar ee ora a Se Caspr tatese uit ener tae ser the 00 eit Hane: Me a ae to saanciy’. ees pga aS hee ert, Clie ye yt wate aannts ieee meee Re ee | “Laat Hop Fe ae See BRN eke nemin pert net Ca SS aan 
ee nat 0 ee OF Ng portntny = 2 ott PAS athe eT erat arose Ay han Sr saree IF eager ON at tapvte 9 Fd of i 88 ON TERE paaw-e Moe Tadaneageres arena Spe re 2 a a tin, St PN ak pee aay ots De tartan ES ec conte eet Be arte prerie eae Soho eden cals Big Rte 
ete E li Ee eT od are Dest “air Spuy pe Ber ena eel ants e Ry Taal pang IY TT ee 3 Actaetie Wen sd ow FS nem St tyke Celene tee etd to tr” wedges: 5 + Your: Nantel atte hor anetiee to weay a a aeinies me cl Tone Bo ter tw Bt Bear Deeg Spare Aly te adnate toe 
pay Soe “gna tna Ft nage Feta ea ae wlaperen elt op apes ys - shal, 0 Qe et plete Att tind densbtion ‘cae tare rea oae-qnte ear e A Pert ome oe Serene wad 2, 0 aera oes Reems” vy yor 7 Seth the Settee Bo Adept? def Tey Ae Ne receiv enrh any CaN OS, pots ae he VA 
tape anette anon Gee aon * ria : ree por Barres eee emcees seen ty ot Ort ek held fe Mer nok mndasBig te. tx magn t wnat me =e. 4% Cat Nate, Sr Neen Ag eh Types ee DR FD eee orgpitee Ye > Tertantie Mepibrta wo. Seid areca este en ETT 
Peete shoot 0.£ en Puben” Oe iene or “ los phe pe ae aoe pap maya oak BO any Pantanal Anti" > rk nang ions eS eet Lal Lett tas ate he ps alle aor * ge Se = H Wet hy tact eere date rein ly ee ees, OF crear PCS ha eerie tone . ar ee ee ee 
Pe are aw 9 ean? a Whee arene Hagin he te ee inom papptrer*€4. pa Crier A on nape epee mes Cw ps tte oe apuad rol Lesnar Wee apptgtnn “Da ~ een ann aa mata fre . ar p ale ee Aathgrtont By toes Rr cena WENN rm ea asente nN ths gt thE Ra Pewee che’ tm | 
> + Prey te are PR ol pneag OO pr aoa fsa te a eer arene nes Mowrtn “obs atin Te Path CSP | TT Lenin ante eee, ee ang Desh Ache Ee PPT an eT ee dealee- Aina Ope Te, TT pie 29. A-VER Ne caer ntnaot avo Ante RCOee A. Te De ony ae 
-* a 5 t nett OF * eth ata 2A potemetis ele Oe opto epapriaetct tf eT ateee * negates on tyeenste® AY gaatterege MU saehe Sr aratsib atin were Aad anateier © UW ot Oe Se “a lie orerer Se preven Sear hor tearedlr wamtbe*e Laveen AM teats ero a rey y 1 ny tT Sm te A Neath, fiat ta Pas Se eredeilay ty eRe eT 
et ager — a ; Orin Getty fe A eames aegis ron cece? ae VE SOLS Serf Kratos Oe arta aint setestins prbehi paper Ene eg rect ae rae eer geen ene prangnete A eee oe iy ache. et ay wees ae ne emus wee ha Gore 
ae ell ho en panne att OLS on pa vesnfr tn FES Fg £ ig Pree Pn facherne © 4 adeoot pO OY eine Cen ee AE Ae Ole? © rete 2 eS “peal eee ‘ae ps: Ker at Facage 4 qe paige an Lich nee a. Regret ea ENN Tarts ooh ae araeerand eens Pac fe IP" lipid) 2 wm tritarte eh mekataree Sweet 
ner te ane eaibnentin not peyé. en OT ell ioyahe™ er RAL. CED nee cone een Fig mat Lege EN eRe rere e. x mame A Bi em mae ye ie pe ctemen veto MLA vise ‘l on whe vlan: the SN earie BZ ty bitte ears erty tS leo Be een’ fe wn be SN Soaetale Saareh N ie Ne pene Hc es 
é (0 et oO = es gage ten Dall a Parag ft 0d awa © pape’ paeraiyie rs gn out, Hee ee tie tol dhe Pednid fOr hamsre pe SY aerate ee ER no ee prt gone Oh pre NE heme Am eta Ura OEY ener me -© nM ome 0 ee) aetna te aN ant Ty Soo See elena a A eee eae Ae pale 4 oy poe IP ~ ie 
ot ar ara are = aoe is t= PP OPM amt anh LG ina : sot ea. aod CN a Pe eg My ~ ~ nt 4 i a . ty 4 os . ad act? fod "4A © amy pe ol ST 
Peewstaceen SOLOS ot fot Fan ae egapoann epee oe Rae OS eae SR Me BEE re ate he ore et Mile eee Se oat SCAT, ait, eras ce Se nee See oer mey ene o. SPR eNom ee te oe Nesigagetctenst by oes 
wa —— en re Pe a LETTE “ +2 peer, Ot Matte Pynot & awe on St . ~ * - ute “he Are a ; oe ri ar agit eh wer arer beet 
’ or col Gn En S - ae ; a of eg at ae ae Saget se SEAT oF = ne he ene w femae™ na ”~ ay wires et lente tn Ae OY * panes he Ds a “ho mS Sree Mee tne ee he ine, Rage ENE —— A tere he to eg nionrrag’ Esty fing Imp Dey” 
wa oteer ota ttl Bal pe Pe - 2 edn A oe amen iP OO CS CT at Oey oe Eee «oaths ate IF ee aaa 0 2D Pe ett oie he -metare aor ee ee vee RMehe 2 rat rang Mp kornd “ Lage: = metal Seer - pba SS cag mens ro 
” aoe Serpe Oe tent Pee a = - _ ene pit neo YASS “maggie ee ct ee Tretaggelne ty salt es g gh ee su ele Thee retcte rere Ande NS OAS oe a = eens” tHe = a oats oie sper apogee, see eg a cone sn nae oe —— —papeghateaarly neon sas A tome ara ee Sakae wee arte rg te 
al = = Soo ci cannere.. « thar ee rere ee oar we mat oe cn Sty Be PAE” O pte wo fis oeswaectar oth * or a te PERE ae in art ATR ONS > wairy"a see? eee terpeiec e eS Baie 0 kat ye Bho Tar Oe Bel ohn A val : ‘ = tenet date he 
—— ate 2-4 iga = > i ae Ada ote pat a eee fad Me Pt oe os ned saa a pepe ots Ie PA aut # 4. 20%are Or erates me amen MS nena” EM C on bane aia babwe? ~~ pape’ adel 64 eee vow 0 oe a cie T. es ent hete = Sa 5 ae Se vem nee ARTY, Tare Fig be AR tall HN Sop eee Bs Oe 
ee lengi™ ed bebe : Gematir : F eo ~< agate FOS at ot Es are pans et ada ands Pulm Se fad Peace A Sf tot Foto - Qi Ven es. CUS wre rere Rh = petite. aetna 9 008 A lew GrnAdthy? Ld ms Recwwes We pede anced ee es ae Atay aon te A Atel’ ee santar tea er y Fechetc Yalws ™ Oo 
writ 7 ole E _ ! ge ee ae a aard oF doe RD Art ews ot bets pa liters eae eo OOP 9 a mathew oe Sat <r ve ieee  aipeaes a Oe eae ip deee ¥ cnt & +” Aw Sat Dap Sota pt cite > hen Boot Deana sergeant tamer te me WT te ay Cin, SA om bet ot gry tate etree ron... he egei e ~ a ly ey 
gt oer = s wn arate teelly 4 tat agree At ” Se Oe ak a en sa anteanta tr te- # A en dee = : 5 paren oe ! wt ~ ms fi ’ x - ’ ns = =o 
a - eed page gf 0% ~~ Coe evita # A tnd Hebert EA sated Cu Bde fe Vue” FE med a onde eure ntact x” ~ aN A the aah games ott orm mh ~~, ° oe heuer ee meh Mey tome t ee eke 5 Regs Be Reker BIT > Shoe 8 Ke RAE me =f 
ep nena oe ON : = ni ‘Sih had oO" pao eg (0 a ee =f — aes = cite ee selndismnwy ae ‘a O re * “ ony Pelee ehh thy Pepe 2 tes =~ eee <e WA? eT el tees eels ON we 
5 hg aioe gat at oot wt ae gs “i sa- we in A eaten! << oe ener", a sa al = foes “A ee pee A? a retete Cp eng dia tere ug eran ogee ry eae see Pee we phghnP art git oe ee pal ' as ove. re Actes Wee Nae + ee palic tes mn NN = nee igi, 
rr wate Dement te 4 5 a ine, bo® asus « ‘ P ~ sntede ¢ # eaten ~~ oho & Art ePute MS —_— ee A = acs i ww ~foadll 262 tye ae type at 5 ded 
eS nan re En yet oe” ee tte eg nek steimtems © Bd DAP OT Oe PPS OI ame ~ agit ae io os pen — eye > se and te oF ong M tugne WS PRD « FH ‘ at priggapis bP w Stl Blea gh Mle BADD Te “Heat SEM spacey ae wy agnor tela poe aye Gin yp Bey Chee he mere en NS ea ale Fee ag Ra Sart trast: pa al ocala are 
aed a Ce ‘ = we - « ted d« - coe Fa ad nm eee eee —— ae de a a 2 * 
» tet ain? re elite art popes veh ahamnenill By ocean «8 Yer o oa eee aiighpees O° gettin ae od Senbalins pe Cant patent one auch Hers oe Brera Re meth ought 2 th ee i ag terentin Pereree ay ete oe ee ete te wt Stag “= sore on ee on Vee eyo en or Sette te tan 
a S. we" _ ae Paint a Taal et Pa TDA Cartes © esol Oe ~ “ ine we ee oe ore Te aid > agemtan nt tn re ON Age 20 wrasse ts F a a 7 . 9 ree crop aw RAannd Tethhentagy witte em whats PAO Arma ee te” ae Suh * tbe ae fates eee i prec ty= — we ne anne nearer tty La rp bhatt atthe 
age ern of ae : ee re ero Sia Oh ® atet » Pu me ‘ , pe ~~ - Per SPM: sag’! ‘ a - as angie » ooh ate tt <n Paes an *Caalle —we — - : = Sos te" - os ‘ a nated 
Sat = Fextgnetn! en tO oar peers oman ow Oe nae —apatbt oe hers nee ne en aherrne 9 a at ates Se Weg) ie Pe hares ~ i? ee Feige ee 9 opr tn lee ag: Crores rane ene ee Sed st Sa eet Ae cg te ieee or te terre yah tats Se Berlin et ~~ 
othe pin ~ ro af . " eT a 2 . sa alge a = rt Prete ae J and ¥ c are 7 atts ten a! “agg era ~ws" 
ee ona fied mtd <vtigae oe ~ S at Oo eid Ae Se ~ eS ate Ok —— wet Gee Be = Sepagrn? PN ent SO TA 3 Le, nv caer eaten Lee Pad Rasa tht _ “— ry ~ ee anne Pest Pare qrereneremnin ~~ suite bean anetel ater me weet eat, SAAS wut he te rei ~* 7 aq Pudy teh P= So foe nn Remit en 
TT ceil ere “et 4 Ey pode wteayneet eS ieliatet ot ok, Peper hee me ae amen a eA ; ane rere ob oa Soon Pd. - oo ao en Seater tn Teton A © eA DE 1 aire or vt ga ~~ - a ae ual me So nae Pe Ae tee we Aggie fea toe ten SE Tate & Seth eo ete ayahe ake toes Nets we wee” +e 
re’ ee paras ae eo anorat ts OME of Mgt Roa oe sheet ang Aa Se | ated? aaa eS Sa ees et a wert ns alee ieee Fepaanep = seat oe gates Mane Santate ued ence whe aes, cinders i trees Pathan £ thee —. pte a + on pret ei i apg athe cPag Nota spe Pee ye nintne Wade 
POP eh aid 2 eae eeaata e edten Cee OOS ol dame an : FP EP Cr ST «rae Sa aipatl aman pastel AM : Be cus , Na aeetgth = “ “eevseaat cel : 2 wet Aytp Wire swe eer 
- — ee et ae risa nro Samal a are, » OO ae Se pe ae gabe. bali Hag ane cee ec einen = - ee is Pes Pe a acetal oe %. ae or. mentees Achaere ao. rm mcd age ys eg ae o-aa * a. ak wa A Ay mittee a ary? Rag tn Me Mette He Coad h tr matey Pe al pond toe beta 
en al gute Oe re Pe ee ake ana tern oon pate ane: OF) tn Be aD pi ee a ee sap ate Powter” Loane® ~ +o" ¢. caters ners avaprtad Pape ae oe ME payer ease ek na geen Nea ee Sth Parte ning Te F papel may Canty stolen Te" Dipeter eetag he tee! Phe fe 
ep weet mianylt ott Rae & ot vis Ps awe Sere Soles tat ED vd ee up Pat Pe TTA “OS io" g:aonat nia —— ” a ea snp tetera — os Me ¢ rw = a ea —w ae igre de! am, OF Ap ee .. oetrnatten a % tae Be avers ters Stren oi) Ma NS NOP ENS ey Wyle teatircarcer ity te bata pnllhegeee Mea nee ie Oe tao 
ones ee ere oa pp ts me wt OT aieal o oat $ naan & at re gee a <p? « nie 8 mn * hae! eye Pr eateal fe Fone bg bess. Aeris Ve <a h daa nee cab cx incl a ai “gy edie . ages et nRatentns ayantir tee © Seen F" = 0%e See tke Me Ane Rie te ae Reece a Ree ene eres 
a ota = ad spagee: wae er ae aie Nn as he¥ 9 “ee =a ; pee eyteim Sug - Fue ed ne Re ere * Deo * ne poss 256 = = = * = Sadahian “<< tw here e i, gg, Ym > ud ace her ris tt we oe* op ae : » pe = ete a Het “bers Ae. CP Con hh chee tae Ne we Sete 
Pe aeainte ie, ‘shapely 7 e nnd an tatrr Fen Ol fe a Te O™ mae aD ade teers a eT ame vd fg adr ating wire” tl easy ad ep eae i ae Le mare tah et ead ~ wetayt> Maren we Oe Sys tat Te ea eee et pe at ee endiy ty te ae 
a el Ra hee I Ra On awe Pele lee i ees. ait s a ot nt he OI? Pe eo s ose “ee — 1 spa . . ae ae ee pnbtie hrs Peer eee ae nas 7 Py Paw * wor 0 Pt Se a Deol oe. ae - a ere mer i ‘is Pigg} feulien pert = te Dau mp Hy te EN op treden, Cll Barty ety Leet ‘Ng mise eee, | weeks “et Be spe Pap Ry j= ew Sue ane hy“ 
vat ttt ms ah : i t : ot Oe “dope . as tae? ated . , ‘ om a aiienatieae * Aah . “ atte . ottes greenery ee ; > 
evetrel wloe Pavel on ott Soe Ot oer ote res nero er < 2 bs chet ene ee he Oe Pam te cant ata P ard iBon Sor Ue, ~ tee s oF eal es a pa % es ee ao ree x Ana rr i bea Ce sats aetna hed et . car ghaestaplagtan PMA etteaarlad 2 Te ty OA le 
ew ell allie. ® = = peepee cpt wter oS wa bag ee ee ene a age papier cated oA r e e tpl Fintan Cf oth — . (aa pon a om n ae eS _— - pee » spo stag ae ae Rte ee Aa oy eee anew arith plied A BAplp Perens hs Dagtig 2 Prats oy Pinar hang BE. 
Bd ,! od. Wa Pat PP | anc ache 0 on O88 J saoePa er acai — _ was _ “e sar See fad os Es gn f pr a ae hee fe We of ee on dle tat spline Ae aes hpe Dena ok cal, on ee SRN tag ® ApeGtena. oo Pua # yes aa ‘eas arcs Set oe rn te Satan Na IANS SO ees 
2 fat one ron foe seat eran en oy ot eee Feet Ae EE ON amueurir ee oe eae cad —— pee oo ay sande he AOS 4 ty er : msm ee itty Keak ay My way te Jao hg Bo bn bee etme ree Ore L, p-tonla ee epee ae rte aan weep ates whe wit 
Lthattar were? iy x 4g ee nate jee ot ee iss : pr : ae ew a ee .. ° o* ; . spina tiens : made 8: rahi - ; nt = ata ag instar tome Sa reoretatn a s ytertiethce 
emcee ant Se  eiiibediong ——- 0 eee a oo oP enter rT taal fue timo oA ‘= ri eee aie a i ee Pen on. wee oe apr ran Ae Haas — wi i a MA bie Rn Ce el 9 te Aad Stars 2 wayhort pee bbe: mie ow arenes | vin RO ake Agee What ty & ee es See EB SY ~ 
Nan wn ip eat we ~ é wtp ro n wef £m. Braces! <* of Ant aed SS pane elem oe . Pe ap Set Me on - ig ool > - a! ae yrot® Lal ard ae a peer pe ae, me carey . oth Pr) —arard pd te ae Neetye-b Py. baled er Shaheen PW Dapl>Ten Mare 
i Pe a ® ¥ ’ = : “ 3? pe nf be wf id ‘ “ —_ - os = Seat 
ae te tae atta fares ar ae ed A ee elt fe Ae ene 6 nee * ae ~- pe ed aia oo fom > es ron ‘ oe on et ae oon eS Ne ee OE ree ng > eek ntaerertireat S anetn a tethered. 6 MeN Peme DN ats’ 
Se w ng ol et aT Se at 0 nen jistoe ot a. oe ae poe bce PPS at at s + ye ms on e F 2 a meee Ae ate? us fle 2 ~ e par ~ Game ae » . a Fore — ane ya ae feet pera ta ae Sarit ok z Mot Phos Ee/ dep! ben" ae cn aceasta a ah Pons ete" mala whe ee 
aod af “aaah nee = wits re € ae ot a cent Pe ep ae aot oe b saree a carn a aed = top ot at a , x, ™ . ee a . Aw eetayth et Le” 4 va ok [the Naa suis TT a sale sae ieee tae peg er NS eer rian he ttn. See 
rata? Panett athe Siaathah ~ > any Se a. are pee re ee aad al a - apg pate cn ote ar ns enamtete wot - Agee Snare Oe = hi ¥ : ae fs Ar “ ee om 4 mame ty 8 t inlaaeal ~ yt hea He are DARA UTE BSS eee 1 Qeten oder a 
gp eataratne Fat sini ea, datg aie Mes FT Ne Oe at cree ee eT aeteduct se & # TY  aetieaied i § ne ote © ceanan me ee at ante a on aban z matage= si grees ee = Aare oh. ate aie > ae reek pats a hina wena Nn “a Nelle Regma WM see haty Rim Iw Oe 
alia at aba * —-} a Me = he aie — arr > wo fet tae tr Creer Cente Smee = Satata Se a | 4 ——" Eee eee ere Raph tel a, oar aeat ame tentingad py ere Pores, pa tes deen a i rae ake we Tithe eM ee cay Tawa terete an ot li Sate ® 
Vin _"<" OT on oat ata OPS coats ol rn ere Sr eee se _ Neuse bent hs or “a Ca “ a oe ‘ “§ ars eatardnde Tare Fath Penge zat * — iii ats Fon ciple tile ehashi ar Pa eqoret no a ag eS A 
a ot a 2 ptt el ei aed cath orrh atest = P w= @ s oa te fou 0 teat +, _ a. eante a ear ws yo Ae Anta a esta Lt ad = 7 api ad oe ere n?! ™ ews WY wae aes bape ang tee Sedge gt pepsiw te sethe 6 thy Mieatiatin wecnelagy AREAS Se eh heres ee toe 
oe fecal SS © abn ae Oe ee nc ett Re Pa = i aun. Pa aA, te —<t quate PF - - wee ee ~ a "a “4 no, ne net pets Fe ober ner fr tieks ie St nad i ws ——— Ae ee al Pesto Cag 
at Ss pel eT Ce ee a Safe Bm = 4 tn ee? “ te NT phate Saad vere! “Aw 2 as : ee ave ths - “4M thats are) ee | qaarne teem by r~ore neem ar wet oes “re ly RE Rata f aatiytlp ta we tone Se’ <r 
ote! oe ag Se pode! Age Lm npg oe oan SY aap ad pari ame fF i a: =~ «eee ° : * ; a _ ad ? Y ng meee” a aps ane, apa EME 0 he Sy aan eM a 
~ a s anol oe ene oe ow real. , ain det of arent & “i ate = ssimapted & a on . A t oie o ota ror = : ~~ a a sh % q — Saeadee “a sea bet Bre Shen ee - nee ~¥ en ee a — — ae =? rns See re eahdta te eta Wiehe awe 
me ee ars “<6 on papa DLE LO ce ap ne wns fat ot LO ov ras Nad aatelied r one OY said ~~ hm ig Slee = é ate ie ~ 4 meve Sou! ate WE “r jap ss a gale ate a hegigln de * Saree Kee SE eA iflng in Te are Oe 
Pat ae rasp aie = = “ pope - Ne = ws A = he wee me tee A pa Bee aaa a in ow arate ats, Cag e! ated a i zs ata A - aay. aunt ee eres igs at bein Cire an * Spent ae mm, Bi eet es Alig Bah erm eae whe, en wy Soe 
ae and @ a a ae os ~ eel Pa : =o yo. eepon ofa a pias E ana A ge Bette be -_— Po ae F tae ad em ae * aaoet mi ae os ee a, M Spey —— e type = ms Me™ gwen ny ee drty tenons near biicme ee vg WOsip sw ee 
afta” a~ Pa Mia walt ager . in ee a epee ee ds ~~ - “a ° g = a opts a rota ~ pttap arty 4 * sae sh ft > > awe - Y oa eye Say pe Bs pig ‘Aba patter oe ve, Cringe tet anew at, wet Pann tet Oe te oe 
Parediiatalin ~ F 2 etl Fe email or ae ee tt ot et OE ft Ma ftinat le — = eds — ig ae ‘ ao = -¢ ote: eee ~~ a “J e «a ae re ~ a ee ay pip-cis a nickel “ Pape appetite oT a acres ais ae LE ot —em eo 
4 wa cet memne™ “ . a a pu emt eget . - ue * a i J : 4 1 . = had ee Sate 
ere oteninny Ce he yet : ee oe pire cd a i ~ Lela etat Nato alates at ostialeel = el va “ipl th Paes i na Se ed = = Retrter . ge ty nner tar es _peeied ae Ot te ie = 5 =e ~~ inion Se tin 9° oP nas . netheet tacts eS parse ie pclae 
. ate ee aw lsat om FO - & wee Ace ad = i e “~ ee bs ae Pee : = stehenen Oe gph eames ee AR SS Cree eS, eomeret- et cata tiple at hnalien Mar wt 
i ~~ fe, a ~v <3) £5 we ro Per = pa ~Dge" a ee i Ser = Gee Peg, nn et uw a alien rere matt ene Te fuerte Pe ee wie _ fern seve, ty atte Bring Fite faa Riper eile i io Pe Sigs Bare har artnet 
in totes fat ae Le ge et anal ao Pe a awe & Pubs ot 5 ePatrtee I ee — asee at Fs arate i ee sage tee onelertw* w some? = hy? an began es Se Eee at a ZS ma i. 7. “ale places ra —s onl etiy ping ne Sane tenn 
2 a  epngh et a , - : 3 e A ‘ = . _ _s . etod 2 7 prs “> . ; ns ede ar tear on be aay Sor = ete 
i =a, =, caper pers ang Te am . — ™ =n es vs sy ae ey an ¢ a Pid nd parent a peers a % = in pic: e * i - i. egg a rt Soe re ae het “ar a ib m2 p- 8 oer thaet are ol pirtienehw megan ts te 
“Ff oat ~ wr . ee Z on Pat a a - —. ag ; A = ath Rupe w = - bd - é; - a a cottage tenet > >-ptpalll ae me weir Piece op Pak Me Ee . a 
Pe wet Gare 3. Rei ego i, ae oats POS A sr age ne ne ot 2 ~ me ena ~ es ee =e ~~ face i ae Ne ape inf new SE Sw aren Mn Soe Pan Mama, ete are paltry 
ee a cd fe sage - Sale s ep neh facta ~- wa & — eS ad tnd “te a ts 5 os ot ate ornate > ee * — 5 , pa pa . ™ mits ~ eo legen gta he. amd wow ie. caging Se ape Te Ne ithe St Seu “sate DOHk 
ania ie a pgpeindl eee we afi - ~ cad a hd iw © ey = e enianaeae Ti ; pe ; ~~ ep, yas ay emetic ~ pect ise y ne werent Te ae te = serena Sv mPa Me 
* we = . ~ 5 aot * . ra ad = 2 7 oe dota! 7 =e Petree * ~_< wit me %g ie » z _ 
oe Sa — u Nh CPT pay aa i par aa “ass em af cal s? a ato ara = at he oie se * a . ured? ve peek Se ote > fn ys Seate We tata x mymadet 7 Tyee eS ee pi Bt pete pnd grt a 
a -* ptgtlan® wet of neh eat “ee a : ae. Pat al ~ - a pe —— - - ~ is hel F ede Ls pit... % ~ aD oie etn 7% ae hore Alatan or tw ae RarED Re Users eh ree te Me Patina be tyme ee ty Re ete Hw sesige eg 
ae - = = Daal wo emia oe Tae = a ons (ae -- oa tnt = ~s cr satenptly , Senge _ an hentai i a Aa at tage Rov tanaee S crete Oe  padinenen ei RN eet ae Ee ee eens wo me 
~, te te * lie hm ane Pd — : < m ee 23 : ¥ . Y f a = Safin a “ . aw ne Be Sg eter cena ae tegen Tee Se wer ate nee wee ves ss _ ~ a gate S Oa eye ak 
vy fee a + am we ah al wa - mie , Sos - va a ad Ps pe an t~ fate ‘ us ~ bo pearls -™ = a he - yet Pe ne teenie ee bites Berk wt See Rey Age Me etl, Sw TE ate a See oS ~ 
a e a aol ote a ed O~ * = oe Raft sem : pt? a a ate seh # Len trhom eames, “EONS = beta ot et ek Ol pe tee ERS Pet tee eee we oe perc aigeling Soacag a 
= —" ah pre ef at * an os - ae = * ae ; ype ee nw ~ cw es & Kant eagle Raat to Pager Me J oe “= ber fabs We teh & wey mor er ere Lk, eq tent Py ea ae pte hey geme we ne eden 
~ ea veal pe Pf am - _ qi — = Ss we a ~ eset nm -s fat en Mase” te ae epee oP & ~ ene Se Pm ome ete ee « Sletten sateen is nae: 
Atte: Por om at arom — ~ ot ESS. ae Se oh 1? afer © >» teh he "> ~e = ° n “> wa & ae ee a = ee Oe rea es ewes Cat Dpgemea a Mee eames 
al o* sala as ae ore = + an Pn A. -aell ) ere ome ete —— eae reer ew ys = ater wa ely Beare ww ty sel lee 
re =. deta eh aoerer = a a & oF x e Pe ~~ = x ask ens = -” m~ . ~ » ot wr cet WT heh See, eA re ee Ae caw ow +? Ese 
2 |e a wwe Saree oo ot on Pls em a . SY ~ = sibel = =m? te ee = = {pre oe ee. ep “58 ae = 
~ out = a a i 2 a a et ae a 2% aw) ee fee maghe 2 ee em, Sp Ge clit ~~ s ™ Tesetet are SO. 3% eke ew Cee a es 
« fut a oe. aes ont = See ie ie * » iy = 4 = apt a : 
- . . 3 S ‘ ow ot teen ” al ¢ Ps S id eres Rell ape Se Mee oR 
te 7 ai. os . aaanem 8 a Re e a) ~~ 2 te fue = ¥. aa o~ oN Ri lh ae ha ante! ae rd = ee aoe hag ‘tit owe 
=a ant ma 7 — i L ae P a S e - « a A i oven SAP ae =a we a im ee ig gt, MAS Swe * 
ore oe taPe ware —— ar ees ~— ” bi a “8 = - a <a ied oo bet i an tari eae Th ye et ae ee 
ol ee ont z vee. on aap eats os To ——w ow en ——— 
= ee oe ot £ oo *~ ~ ba et . »~ ae y ade re Mer v = — Swett _ e =a 
ew. mele Se eee - _* baal og Poo = Ge fehic = 7h ~~ Aydt so %», tet 3 
7 aad * 5 ™ a * * = ~ oe "oe & ~ an = . = 
a @ a Amat pacin: Mo, Se Seo te ign Papllyt ena a 
@ - eg tye 
es ee a a af bagi ~ Se * wm ot Xe 
. he = res? —s = wre Gee See 
me » “ae tts » & = a Me eas eee a oe a aia 
i” ; ao oe we Atte tee ine ethingtns ee OR a2? ws 
* homens —_ at ae we en te = 
rr . he ee Bente wet he >. =a 
~ a i Engage Te By ere 
aay one © ~~ es fe ee 
-_s- _ —_ Sgt vere - w ~~ wt. 
Tig Pm te 
ra 























NAVAL POSTGRADUATE SCHOOL 


Monterey, California 





THESIS 


TIME-RESOLVED REFLECTIVITY MEASUREMENT OF EXTRINSIC 


STLICON DURING PULSED LASER IRRADIATION 


by 


Geoffrey Davis Johnson 
and 


Fmory Leigh Chenoweth 


June 1984 





Thesis Advisor: A.W. Cooper 


Approved for public release; distribution unlimited 





Sm ES Ne a Ee ice 


SECURITY CLASSIFICATION OF THIS PAGE (When Dete Entered) 


READ INSTRUCTIONS 
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM 


4. TITLE (and Subtitie) 5. TYPE OF REPORT & PERIOD COVERED 


Time-Resolved Reflectivity Measurement of Master's Thesis; 
Extrinsic Silicon During Pulsed Laser June 1984 


8. CONTRACT OR GRANT NUMBER(e) 























- AUTHOR(s) 
Geoffrey Davis Johnson and 
. Emory Leigh Chenoweth 







10. PROGRAM ELEMENT, PROJECT, TASK 
AREA & WORK UNIT NUMBERS 


12. REPORT DATE 
13. NUMBER OF PAGES 


1§. SECURITY CLASS. (of thie report) 


- PERFORMING ORGANIZATION NAME ANDO ADORESS 


Naval Postgraduate School 
Monterey, California 93943 













- CONTROLLING OFFICE NAME AND ADDRESS 
Naval Postgraduate School 
Monterey, California 93943 








- MONITORING AGENCY NAME 4& ADORESS/(/f different from Controlling Office) 












Unclassified 


DECLASSIFICATION/ DOWNGRADING 
SCHEOULE 







- DISTRIBUTION STATEMENT (of this Report) 






Approved for public release; distribution unlimited 


17. DISTRIBUTION STATEMENT (of the abetract entered in Block 20, if different from Report) 


18. SUPPLEMENTARY NOTES 


19. KEY WORDS (Continue on reverse aide if neceesary and identify by block number) 
Time Resolved Reflectivity, Extrinsic Silicon, Laser-Induced Damage, 


Melting Threshold, Damage Threshold 


20. ABSTRACT (Continue on reveree aide if neceeeery and identify by block number) 
Time-resolved reflectivity (TRR) of crystalline silicon has been 


measured with nanosecond resolution during and immediately after pulsed 
neodymium:glass laser irradiation (1.06 um, full width at half maximum 
pulse duration of 20 ns) over a range of pulsed laser energy densities. 
The TRR information was used to determine energy density thresholds 

for melting and damaging the polished surface of extrinsic silicon 
wafers. Reflectivity initially increased under laser irradiation and 
then returned to its original value for energy densities between 


DD , a 1473 = EDITION OF |! NOV 65 IS OBSOLETE 


S’N 0102- LF 014- TT RIRVICASEIPICATIONICEETOIE@ACE (When Deternr 
COZ AMONG i SECURITY CLASSIFICATION OF THIS PAGE (When Dete Entered) 


—— aad 
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered) 


20. (Continued) 


0.46 jee" and 1.05 Bene. For energy densities greater than 1.05 Wen. 


the final value of reflectivity was less than the original value due 
to permanent target damage. The damage threshold was substantiated 
with optical photomicrographs. A qualitative examination was under- 
taken to determine the change in specular and diffuse reflection from 
the target surface as a function of the degree of laser-induced 


damage. 


S’N 0102- LF- 014-6601 


é SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered) 


Approved for public release; distribution unlimited 


Time-Resolved Reflectivity Measurement of Extrinsic 
Silicon During Pulsed Laser Irradiation 


by 


Geoffrey Davis Johnson 
Lieutenant, United States Navy 
B.S., North Carolina State University, 1977 
and 
Emory Leigh Chenoweth 


Lieutenant, United States Navy 
B.S., United States Naval Academy, 1976 


Submitted in partial fulfillment of the 
requirements for the degree of 
MASTER OF SCIENCE IN PHYSICS 
from the 


NAVAL POSTGRADUATE SCHOOL 
June 1984 


ABSTRACT 


Time-resolved reflectivity (TRR) of crystalline silicon 
has been measured with nanosecond resolution during and 
immediately after pulsed neodymium:glass laser irradiation 
(1.06 um, full width at half maximum pulse duration of 20 ns) 
over a range of pulsed laser energy densities. The TRR 
information was used to determine energy density thresholds 
for melting and damaging the polished surface of extrinsic 
Sllicon wafers. Reflectivity initially increased under laser 
irradiation and then returned to its original value £ou 
energy densities between 0.46 3/om* and 1.05 3/om*. FOr 
energy densities greater than 1.05 3/em*, the final value of 
reflectivity was less than the original value due to 
permanent target damage. The damage threshold was 
Substantiated with optical photomicrographs. A qualitative 
examination was undertaken to determine the change in 


specular and diffuse reflection from the target surface as a 


Function of the degree of laser-induced damage. 
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I. INTRODUCTION 


The field of electro-optics (EO) has experienced 
phenomenal growth in the past decade and with this expansion 
there has been a concomitant military effort to apply the 
results of electro-optical research to weapons development. 
One needs only examine the pages of JANES Weapons Systems 
1983-84 [Ref. 1] to view the proliferation of 
electro-optical and infrared (IR) sensing systems in the 
arsenals of the world's militaries. The deployment and 
utilization of EO warfare devices upon the battlefields of 
the future are assured. Advances in the rapidly developing, 
solid-state detector technology have spawned a new 
generation of highly sensitive electronic components 
designed to effectively exploit the visible and infrared 
portions of the electromagnetic spectrum. Applications 
ranging from IR homing and EO guided missiles and munitions 
to night vision devices and IR scanners/trackers are 
present-day tactical realities which dictate the need for 
reliable countermeasures (CM). The diverse nature of the 
threat would seem to preclude any single system as a viable 
EO countermeasure. Yet one device has demonstrated the 
capability to effectively neutralize a wide range of EO 


sensors and components. This device is the laser. 


A high intensity, coherent, and potentially high 
energy source of electromagnetic radiation, the laser is 
destined to play an important role in EO countermeasures. 
"Widespread deployment of laser countermeasures for self- 
protection of battlefield assets could deprive the enemy of 
some of his most accurate weapons. The laser CM mechanism 
will vary from simple image blooming which temporarily 
blinds the optical system to saturation which could be 
relatively long term but not permanent, to permanent damage 
of elements in the EO devices" [Ref. 2]. Designed to 
Operate within a limited range of system parameters, EO 
detectors will experience a serious degradation in their 
performance and reliability as a result of laser-induced 
variations of the photo-sensitive elements' optical and 
electrical properties. 

Elemental semiconductors, such as silicon and germanium, 
are among the technologically most important materials for 
the manufacture of solid-state detectors. As characterized 
by the RCA Electro-Optics Handbook, "The sllicon photo- 
detector is small, reliable, and has high quantum efficiency 
through the visible to near infrared" [Ref. 3]. It 1S due 
to these factors that silicon detectors have been 
incorporated into a wide range of military EO systems. 
Because of 1ts prevalence in current EO devices and 
commercial availability, silicon was chosen as the target 


materlal. 


In this research, time-resolved measurements were made 
of the reflectivity of p-type silicon under the influence of 
pulsed laser radiation. These results along with the 
examination of the lrradiated samples by optical microscopy 
may help determine the laser energy density thresholds for 
variation of the target's optical properties and the onset 
of permanent surface damage. Certain aspects of this 
research evolved from parallel studies of pulsed laser 
annealing of semiconductors. Where possible, qualitative 
comparisons were made between the results of earlier 
experiments and the findings of these investigations in the 
variations of time-resolved optical properties of 
semiconductors. Also, investigation of probe laser beam 
scattering was conducted in an attempt to relate the 
Specular versus diffuse components of reflectivity and the 


degree of laser-induced target surface damage. 


II. BACKGROUND 


AS INTRODUCTION 


This investigation of the effect of pulsed laser 
radiation upon the time-resolved reflectivity (TRR) of 
extrinsic silicon was an outgrowth of research in laser- 
target damage conducted over the past decade at the Naval 
Postgraduate School. Studies elsewhere concerning laser 
radiation effects in semiconductors have been pursued for a 
myriad of purposes and have observed a variety of physical 
and electrical properties. The promise held by pulsed laser 
annealing in the processing of device-grade semiconductor 
material and the application of laser technology as a 
countermeasure to military EO systems are two motivations 
which continue to generate considerable scientific interest 
and research. Preparatory to a synopsis of previous work 
accomplished in the area of laser interaction with 
semiconductors, a brief review will be undertaken covering 
the phenomenon of photoconductivity, the photovoltaic 
effect, and an examination of the operation of several 
classes of photodetectors which utilize extrinsic silicon 
will be conducted. Detailed treatments of the band theory 
of semiconductors and the physics of photoconductive and 


photovoltaic devices can be found in many competent texts 


10 


ners wow Ola Tac Imcention here is only to present the 
basic mechanisms and give a fundamental understanding of 
photoconductivity and the photovoltaic effect in 
semiconductors so as better to understand the problem of 


pulsed laser irradiation of these materials. 


B. PHOTOCONDUCTIVITY IN SEMICONDUCTORS 

The use of the photoconductive effect for optical 
radiation detectors utilizes the change in resistance of a 
semiconductor caused by photon absorption and consequent 
hole-electron pair generation. Two specific sub-categories 
of photoconductive detection exist, classified by the nature 
of the photo-excitation. In the first of these categories, 
intrinsic excitation, hole-electron pairs are generated Lae 
the pure semiconductor material when photons with energy 
greater than the bandgap are absorbed, thereby exciting an 
electron from the valence band to the conduction band. It 
follows that the value of the bandgap sets an effective 
limit to the wavelength of radiation which may be detected 
by a photoconductive detector employing an intrinsic 
semiconductor. As an example, the energy bandgap in pure 
Silicon is 1.09 eV which corresponds to a wavelength 
detection limit of approximately 1.14 um, or less (1.e., 
A < 1.09 eV/(hc) where h is Planck's constant and c is the 


Cc 


speed of light). To broaden the spectral response of 


intrinsic semiconductors, impurities are introduced into the 


1H 


lattice structure. Depending upon the atomic species of the 
dopant material, radiation incident upon an extrinsic, or 
doped, semiconductor might excite a donor, creating an 
excess electron in the conduction band for an n-type 
semiconductor or an excess hole in the valence band by 
promoting an electron to an acceptor level in a p-type 
material [Ref. 7]. Figure 1 depicts the process of 
photoconduction in intrinsic and extrinsic semiconductors. 
There exists a wide range of dopants which may be used 
as impurities in the semiconductor lattice. Each atomic 
species has its own value of photo-activation energy and 
consequently extrinsic semiconductors can be fashioned into 
detectors capable of operating over a range of wavelengename 
The activation energy is the single most important property 
of the impurity i1n controlling wavelength response of the 
detector. For the vTTewery significant three to five um 
and elght to fourteen um spectral bands, the appropriate 
activation energies are approximately 0.25 eV and 0.09 eV. 
The most commonly selected impurities for implantation in 
Silicon to effect optical detection in the eight to fourteen 
um band are arsenic, aluminum, gallium, bismuth, and 
magnesium with respective activation energies of 0.054, 
0.068, 0.071, 0.072, and 0.107 ev (Refs. 8, 9]. These 
relatively small values of energy required for photo- 


excitation give rise to the most significant problem 
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Figure 1. Photoconductive Processes in Semiconductors 
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associated with photodetection of longer wavelength 
radiation. In order to ensure that the impurities are not 
subjected to thermal excitation which would mask the optical 
excitation, the detector must be cooled to low operating 


temperatures. 


C. PHOTOVOLTAIC EFFECT IN SEMICONDUCTORS, THE P-N JUNCTION 

Semiconductor p-n junction photodiodes are widely 
utilized for optical detection of wavelengths in the visible 
and IR spectrum. A p-n junction is a Single crystal of 
semiconducting material in which part of the material is 
p-type and part 1S n-type. The spatial change from p-type 
material to n-type material at the junction is abrupt. 

In operation, the junction of the photodiode is asuenee 
reverse-biased (the positive terminal of an external voltage 
source 1S connected to the n-type material), with the 
battery and photodiode connected in series with an external 
load resistor, aS shown in Figure 2. With no photon flux 
incident on the photodiode, the junction is in equilibrium, 
and no current flows in the external circuit. When the 
junction is illuminated, charge carriers in the form of free 
electrons and holes are created as depicted in Figure 3. 

The movement of the holes and electrons to establish the 
back-biased equilibrium creates a current in the circult, 
providing an electrical signal to indicate that radiation 


has been detected. For high sensitivity, one can produce a 
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Figure 2. Construction of a p-n Junction Photodiode Detector 
(Reverse-Biased) 
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Figure 3. Electron-Hole Pair Creation by an Absorbed Photon that 
Contributes to Current Flow in a p-n Photodiode 
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device with a large junction volume by sandwiching an 
intrinsic semiconductor between the n-type and p-type 
regions. Such a device is known as a p-i-n photodiode 


[Rets. 70, Lie 


Di EXTRINSIC SILICON PHOTODETECTORS 

Having established the basic physical mechanisms under- 
lying the phenomena of photoconductivity and the photo- 
voltaic effect in semiconductors, specific devices and 
components based upon silicon and operating by these two 
processes will now be surveyed. This examination is in no 
way deemed to be complete in its scope, but rather it is 
intended as a limited overview of current applications of 
Silicon detector technology. 

Concentrating first upon the visible and near IR portion 
of the electromagnetic spectrum, imaging and camera tubes 
have long employed silicon as a photoconductive target for 
light sensing. Perhaps the most widely used type of camera 
tube 1s the vidicon. The vidicon utilizes an electron beam 
to scan a photoconductive target which is the light sensor. 
A transparent conductive layer applied to the front side of 
the photoconductor serves as the signal electrode. In 
Operation, the scanning beam initially charges the back side 
of the target to cathode potential. When a light pattern 1s 
focused on the photoconductor, its conductivity increases in 


the illuminated areas and the back side of the target 
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charges to more positive values. The electron beam then 
reads the signal by depositing electrons on the positively 
charged areas thereby providing a capacitively coupled 
signal at the signal electrode. A schematic rendering of a 
vidicon tube is presented in Figure 4 [Ref. 12]. The 
reliability and ruggedness of the vidicon tube has made it 
the leading choice for current television systems in 
military appreciations. This type of tube, however, does 
exhibit a problem with regard to the overload characteristic 
of the target. If the image of a very intense radiation 
source in the scene discharges the diodes of a silicon diode 
array target in a time much shorter than a frame time, the 
resulting white spot in the reproduced image often appears > 
many times larger than the radiation image should [Ref. 13]. 
Image blooming such as that described here will potentially 
degrade the vidicon for a period of time longer than the 
period of illumination. Should the energy density of the 
radiation be sufficiently high, the vidicon's 
photoconductive target may be permanently damaged. 

Shifting focus to the middle and far IR portion of the 
spectrum, extrinsic silicon infrared charge coupled devices 
(IRCCD) are the central issue in development of imaging 
systems. The primary distinction between the IRCCD and 
other solid state imaging sensors is in the readout process. 


In the IRCCD, the collected charge is scanned out by 
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sequencing the phased electrode voltages that establish the 
electric field potential wells within the silicon. [In this 
fashion the charge in a given well can be moved laterally 
from well to well and out to a charge sensitive amplifier 
built into the same silicon wafer. In surface channel 
IRCCDs the potential well is at the interface of the silicon 
and silicon dioxide insulating layer. Imperfections at this 
interface result in charge trapping which seriously degrades 
the performance at low signal levels. Using CCD and 
photodiode array techniques for multiplexing and signal 
processing, it has become practical to make IR focal planes 
with thousands of IR detectors. In one monolithic extrinsic 
silicon IRCCD array, gallium doped silicon is utilized for | 
development of a forward-looking infrared system covering 
the eight to fourteen m band [Ref. 14]. The production and 
testing of new devices based upon the IRCCD technology is 
well documented in the open literature [Refs. 15, 16, 17, 
18]. Figure 5 shows the construction of a monolithic 


Sericon IRCCD. 


E. THEORY: MODELS OF OPTICAL HEATING IN SEMICONDUCTORS 
Having examined the means by which extrinsic 
semiconductors operate and devices in which the materials 
are employed, it now remains to investigate the models which 
attempt to explain the effects of laser energy deposition 


upon such semiconductors. It 1S apparent that thresholds 


ABS, 


P-SUBSTRATE 





y Transparent 


Contact Layer 


Figure 5. Typical Construction of an Extrinsic Silicon IRCCD 
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for damage in these substances depend on a variety of 
factors related to both the properties of the substance 
itself and the characteristics of the laser radlation. To 
obtain a model which would accurately predict damage 
thresholds while accounting for these many variables would 
be a vast and exceedingly complex undertaking. 

As a first and simple approach, the interaction of a 
laser beam with an extrinsic semiconductor can be described 
in terms of energy transfer from the photon to the phonon 
field. The absorbed laser photons generate electron-hole 
pairs, which recombine by nonradiative transitions and serve 
to transfer energy to the lattice. A version of the heat 
diffusion equation, including a source term to account for: 
absorption, serves as a useful tool to model the laser- 
semiconductor interaction. Many variants of the equation 
have been proposed [Refs. 19, 20, 21] but the form which 
provides adequate correlation with experimental data and a 
lesser degree of mathematical complexity assumes a laser 
beam intensity uniform in cross-section. This simplifi- 
cation reduces the problem to a one dimensional case, where 
the physical quantities are dependent only upon the 
variables of time and distance from the target surface. 


With this assumption, the equation is formulated as 


aT _ a aT 
Cp at = eZ ©) a+tr— (k az)? 


Zak 


—-az 


where I(z,t) = (L<R) Gaia 

with: c = heat capacity, 
p = mass density, 
a = absorption coefficient, 
k = thermal conductivity, 


R = reflectivity, 

I = incident power density, and 

z = distance from the surface along the 

incident light direction. 

The solution to the equation is arrived at via numerical 
means to include phase transitions and changes of optical 
and thermal parameters with temperature and structure. The 
absorption coefficient is the factor responsible for the 
efficiency with which the material converts the photon 
energy into heat. The value of a is primarily dependent 
upon the sample structure and the wavelength of the incident 
electromagnetic radiation. For extrinsic crystalline 


Silicon, the value of a iS approximately 30 cm~} 


4 


as compared 
tO Saageo cm) for amorphous silicon. In addition, the 
results of experiments on the pulsed laser annealing of 
Silicon have shown that infrared laser pulses are not as 
efficiently coupled to the solid as are pulses in the 


visible range of the spectrum (e.g., 694.3 or 530 nm) 


{[Ref. 23]. 
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Although the assumption of a beam with uniform intensity 
greatly simplifies the exercise of obtaining a solution to 
the modified heat diffusion equation, in actuality the 
pulsed laser beam 1S more accurately approximated by a 
Gaussian profile. In the thermal model of laser damage 
proposed by Bartoli et. al. [Ref. 24], a semi-infinite solid 
is irradiated by a Gaussian beam, P(r) = P, exp(-r/a), where 


oe is the peak laser power density. The energy density Ey 


required to damage the sample can be written 


tan? 2 
Bo = Esp [2 +r Tie | 
a tan ~(4k1/a%) 


where 


k is the thermal diffusivity, p the density, c the specific 
heat, R the reflectivity, and a the absorption coefficient. 
AT is the increase in surface temperature at r = 0, which is 
required for damage due to melting. The quantity Ear is the 
energy density required to raise the surface temperature by 
AT in the absence of thermal conduction. This theoretical 


formulation fits the experimental data fairly well, but the 


model suffers from one serious shortcoming. It neglects the 


ZS 


effects of electric field breakdown in the material and is 
therefore only valid for estimating damage thresholds when 
the irradiation times are sufficiently long so as to avoid 
these effects. 

The two models presented here are typical of the many 
which have been proposed to describe the effects of laser 
radiation upon semiconductors. Despite varying levels of 
complexity and a diversity of physical assumptions in the 
development of these models, the most accurate methods of 
determining the thresholds for surface melting and damage 
are empirical. 

Not all researchers are assured that the fundamental 
process involved in laser interaction with semiconductor 
targets 1s a simple thermal melting. A non-thermal theory 
proposed by Van Vechten [Ref. 25] postulates the existence 
of a dense electron-hole plasma excited by the pulsed laser 
radiation and which undergoes a boson condensation to a 
Superfluid phase. At this time, the exact nature of the 
laser annealing process is still the subject of serious 
conjecture. The contradictory data which fuels the 
controversy over the thermal versus non-thermal modelling of 
laser annealing is obtained through varied experimental 
techniques. Among the more common procedures utilized to 
study the effects of laser irradiation of semiconductors are 


Rutherford back-scattering, Raman scattering, optical 
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microscopy, measurement of conductivity and other electrical 
properties, and perhaps most importantly and most often 


quoted, time resolved optical probing. 


BS 


TIfl. PREVIOUS WORK 


Az SUGNLE TEANGCEH “Ob RR 

The effects of laser radiation upon semiconductors are 
manifested in diverse ways. Thermal instabilities in 
detector material may render a device ineffective for time 
periods of several hundred milliseconds due to a Single 200 
usec laser pulse [Ref. 26]. Variations in electrical 
properties due to pulsed laser irradiation have been well 
documented [e.g., Ref. 27]. Surface damage to semiconductor 
samples has been analyzed by a variety of methods. The 
value of optical and scanning electron microscopy in 
ascertaining the extent of surface damage can be readily 
seen. Yet, the most valuable data regarding the threshold 
values of laser energy density to produce surface damage and 
the nature of the damage mechanism are obtained vila time- 
resolved reflectivity (TRR) measurements. Such time- 
resolved measurements provide the means to determine the 
time scale for energy transfer. They furnish direct, 
dynamic information regarding the melting and 
recrystallization process both during and nanoseconds after 
pulsed laser irradiation. This information can be employed 
to modify or verify the accuracy of theoretical models 


describing the laser-target interaction. Results of TRR 


2G 


experiments are currently at the focus of the thermal versus 
non-thermal controversy over the nature of pulsed laser 


annealing of semiconductors. 


B. MODEL FOR ANALYSIS OF TRR SIGNATURES 

Figure 6 illustrates the model used by Lowndes and Wood 
[Ref. 28] to analyze TRR signatures. The model trace is 
typical of results obtained by other researchers [Ref. 23]. 
The TRR meaSurement is characterized by a reflectivity 


O 


increase from the initial value ee to the value for the 


liquid phase wo - The rise time for the reflectivity 
increase is denoted by t,. The reflectivity remains at a 


Max 


value of R) for the time indicated by rt Following the 


m 
laser pulse, the material begins to cool and resolidify. 

The reflectivity then falls toward the value R.- with a l/e 
fall time of Tes The surface is melted for the total time 
eet, + tee FWHM (full width at half maximum) is indicated 


by T1/2° It 1s this model of TRR which was used to reduce 


the data obtained through this thesis experimentation. 


ce. OBSERVED RESULTS 

The TRR traces and observed melting and damage thres- 
holds show degrees of variance associated with the func- 
tional dependencies of these phenomena. A variety of laser 
wavelengths, spot sizes, energy densities, pulse widths, 


sample crystallographic orientations, and experimental 
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geometries have been utilized in the investigation of TRR of 
semiconductors. An exposition of several researchers' work 
will now be presented. Having previously mentioned the 
dependence of optical heating upon the wavelength of the 
pulsed laser beam, previous work uSing visible and 1.06 um 
pulses will both be reviewed. 

In the work of Pospreszczyk et. al. [Ref. 29], single 
crystalline targets of Si(110) were irradiated at nearly 
normal incidence with pulses from a Q-Switched ruby laser 
(20 ns. pulse length). The experiments were conducted in 
vacuo and the energy density of the ruby laser was varied by 
uSing absorption plates in the beam path. The diameter of 
the pulsed laser spot at the target surface was four mm. A 
cw He-Ne probe laser, with spot size diameter of 1 mm at the 
target, was reflected from the center of the ruby laser spot 
and sensed by a photomultiplier tube. Pulsed laser energy 
density readings were taken on each shot and were determined 
Pomae accurate within + 10%. Typfeal traces of TRR from 
this research are shown in Figure 7. It was found that no 
change of reflectivity could be observed for energy 
densities below 0.5 J em7* . At higher energy densities, 
> 0.8 J cm7*, Ene increase in reglectivity occurred for 
every pulsed laser shot. This latter finding was taken to 
clearly demonstrate that Si is molten for energy densities 


above 0.8 J sao. 
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Figure 7. TRR of Si(110), After Pospieszczyk et. al. 
(A = 693 nm, annealing pulse) 


Additional analysis of TRR in silicon irradiated with a 
pulsed ruby laser was undertaken by Galvin et. al. [Ref. 
30]. Wafers of Si(1lll) doped with Au, were irradiated in 
air with a Q-switched ruby laser with pulse length 30 ns 
(FWHM). A quartz beam homogenizer was used to obtain 
uniform illumination of the target and neutral densitiy 
filters were employed to vary the incident laser energy. 
Again, a cw He-Ne laser was used to probe the surface 
reflectivity during irradiation with the ruby laser. The 
results of the experiments are depicted in Figure 8. It was 
concluded from interpretation of these results that the 
threshold energy density for melting of the extrinsic 
Silicon was approximately 0.8 J om7*. 

Experiments conducted by M. Takai et. al. [Ref. 31] 
investigated TRR in extrinsic silicon wafers, with 
crystallographic orientation (100). A Q-switched Nd:glass 
laser, operating at a wavelength of 1.06 um and a pulse 
length of 20 ns, was used as the annealing beam. A quartz 
diffusing rod was used to achieve a homogeneous beam energy 
density profile. The reflectivity change of the sample 
surface was measured with a He-Ne probe laser incident upon 
the target and reflected onto a silicon p-1-n photodiode. 
The results of this experimentation are shown in Figure 9. 
Increases in reflectivity were observed for laser energy 


densities greater than 0.4 J com7*. For energy densities 
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TRR of Si(111), After Galvin et. al. 
(X = 693 nm, annealing pulse) 
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Figure 9. TRR of Si(100), After Takai et. al. 
| (i = 1.06 um annealing pulse) 
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greater than 2.0 J em“) the reflectivity decreased after an 


initial rise due to surface damage caused by evaporation. 
Flat-topped reflectivity curves were obtained with laser 
energy densities of 0.9 and l.l J cm7*. 
Experiments at Oak Ridge National Laboratory by White, 
Narayan, and Young, were conducted in a fashion similar to 
Pospieszczyk et. al. The published findings of these 
experiments indicated that residual surface damage was 
observed for boron, arsenic, and phosphorous implanted 
Sllicon after irradiation with laser energy densities of 


2 Ref. 33]. 


approximately 1.1 J cm 
This review has demonstrated a reasonable degree of 
agreement among researchers regarding the observed threshold 
for laser-induced surface damage in extrinsic silicon 
targets. The nominal value for such damage would seem to be 


between 0.8 and l.l J cm7? for annealing laser pulse widths 


of 20-30 ns. 
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IV. EXPERIMENTAL DESIGN AND METHOD 


A. EXPLANATION OF APPARATUS 

Comparison of time-resolved reflectivity signatures of 
P-doped silicon versus incident Nd:glass laser energy was 
performed using the experimental setup shown in Figure 10. 
A sense of the nanosecond time regime must be had in order 
tO appreciate the complexity of this construction. This 
ultra-short time scale and the need for electromagnetic (EM) 
noise elimination, as will be discussed later in this 
section, became the driving and dominant factors deciding 
the final layout of equipment as well as forcing the 
experimenters to manufacture a suitable detector. Numerous 
other pieces of electronic gear were tried unsuccessfully 
before arriving at the final selection and setup of equip- 
ment. In addition to that shown in Figure 10, a Bausch-Lomb 
optical microscope and a Perkin-Elmer spectrophotometer were 
employed in the course of experiments for this thesis. A 
more detailed description of the apparatus follows. 

1. Laser System 

In order to investigate the nanosecond regime of 

time-resolved reflectivity of silicon, a high power, short 
pulse-width laser was needed. The Korad K-1500 neodymium- 


glass laser with amplifier was found to be a suitable system 


35 


_ ss aan 


Jabhuvy 
UOIE ELS 


é 


4 





109927 A] 
S Ul 


dnyas ’—————_——_ s 


Jabar 








HS] 
Qqodd 


¥ 





l 





ubtsaq pepuauiaodxy “gy aanby 





= 


Jaa Budi 40}VIITAY 





t-dy 








VdOISO]L LLISY 
abvuays 
SILUOLPYAL 





Stayt ly 
(IN 





Qaqodd 
gece 


. {. {+ 


INQ 








Ab W@W] 


> 








dAS YMd A OOOT 


tlaysAS 


LISP] 
OOS L-N 


boasting 600 MW of output power and a 20 ns full width at 
half maximum (FWHM) pulse shape. The wavelength of Nd:glass 
radiation is 1.06 micrometers. The output energy of the 
Korad K-1500 system can be changed by varying the applied 
voltage to the oscillator and amplifier flashlamps. A 
typical energy reading with the oscillator flashlamp voltage 
set at 5kV and the amplifier flashlamp voltage set at 7.5kVv 
was found to be approximately 3.33 Joules. Over an average 
Of 15 shots, the laser output energy varied +.9%. The 
energy measuring technique will be discussed later in the 
procedures section. During the experiment, it was found to 
be more convenient to employ neutral density (ND) filters in 
the beam path, thus changing energy levels on the target. 
This method proved to give more reliable and predictable 
energy readings rather than changing the voltage applied to 
the flashlamps. 

The K-1500 series employs a Brewster polarizing 
Stack and a Pockels cell for cavity spoiling (Q-switching) 
of the Kl oscillator. The K2 amplifier increases the 
oscillator energy about five-fold during a single pass. 
Expansion optics are required between the Kl (oscillator) 
and the K2 (amplifier) to expand and recollimate the beam 
for the larger diameter K2 glass rod. A 0.6 mW helium neon 
laser 1S permanently mounted on the optical bench. This is 


continually used to check the laser system alignment and 


Sa) 


that of all optics and target material further down the beam 
path. A maximum pulse repetition rate of one per minute can 
be safely used on this system. A more detailed description 
of the installation and operation of the K-1500 series laser 
is given by Davis [Ref. 34]. Figure 1l displays a schematic 
representation of the laser system. 
2. Emergy Meter 

As well as investigating time-resolved reflectivity, 
the energy density threshold for surface damage was 
experimentally found for p-doped silicon. fMThe Laser 
Precision Corporation RK3230 energy meter with RKP 336 probe 
was used to measure laser output energy and determine energy 
density on the target. The mechanics of determining target 
energy density will be discussed in the procedures section. 
As shown in Figure 10, the beamsplitter, an optical glass 
slide, sent four percent of the laser energy to the RKP 
probe. However, eight percent of the total laser energy was 
lost due to a four percent reflection at each air-glass 
interface. Overall, the transmission of one optical glass 
Slide at 1.06 um is ninety-two percent. This percentage was 
verified at the appropriate wavelength using an IR 
Spectrophotometer. A one percent transmission filter was 
used to protect the RKP probe from damage due to excessive 


laser fluence. 
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The IR active device employed by this system is a 
pyroelectric detector. When uSed with the accompanying 
Signal processing and display electronics, this sensor is 
intended to meaSure the total energy content of radiation 
pulses with durations ranging from one nanosecond to one 
millisecond. The maximum energy that the probe may safely 
Sustain before damage occurs 1S ten joules. 

3.) COscrmlcscor. 

In order to investigate the dynamic behavior of 
pulsed laser annealing processes, a storage oscilloscope 
with nanosecond resolution and high persistance was needed. 
The Tektronix 7834 storage oscilloscope, with 7A24 vertical 
amplifier and 7B80 horizontal time base installed, was used. 
This combination offered a bandwidth of 300 MHz, but more 
importantly, a rise time of 1.2 nanoseconds. Incorporated 
in the vertical system of the Tektronix 7834 is a delay line 
which permits viewing of the leading edge of a trigger 
Signal. This delay line insures the oscilloscope is 
triggered before any information is sent to the vertical 
display. The 7A24 vertical amplifier also offered a two 
channel summing capability which became extremely important 
for electromagnetic noise elimination, as will be discussed 
later. One drawback of the 7A24 1s a maximum input voltage 
of seven volts peak. Some unsuccessful attempts early in 


the experiment used detectors which would easily exceed the 
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seven volt limit. However, the detector finally settled 
upon, presented no problem as output voltage never exceeded 
100 mV. The 7834 storage oscilloscope proved to be a highly 
flexible measurement system with its high vertical bandwidth 
and fast storage writing speed. 
feelntgger Source 

A reliable and rapid response trigger signal for the 
Tektronix oscilloscope was needed for the time sensitive 
measurements of the nanosecond regime. Initially, the 
output trigger provided by the shutter control unit, which 
controls the Pockels cell, was used. However, this trigger 
Signal later proved very inconsistent and unreliable. The 
Pockels cell is charged 450 us before the laser fires. 
Therefore, the trigger from the shutter control unit, which 
controls charging of the Pockels cell, had to be delayed 
450 us + 40 ns before starting the horizontal trace of the 
oscilloscope. Since all pertinent information on time 
resolved reflectivity occurs within the first 150 ns of 
laser energy interaction with target material, the 
oscilloscope trigger must occur a few nanoseconds prior to 
laser beam colncidence with the target. The problem of 
Peraying the.shutter control trigger (450 us + 40 ns) proved 
insurmountable. Several attempts were made using two 
different delaying systems. First, the BNC Digital Delay 


Generator, model 7010, was tried in several different 
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operating modes without success. Even though the BNC delay 
generator worked properly on the test bench, it was 
inconsistent when used in the experiment, many times 
providing no trigger signal at all. A second attempt at 
delaying the shutter control trigger was made using the 
Tektronix 7B85 Delaying Time Base plug-in module on the 
oscilloscope. This unit, when used with its companion, the 
7B80 Time Base, is capable of time delays in the range 
required; however, the specified accuracy, + .005 times the 
set delay, produced a retardation of 450 us + 2.3 us which 
proved much too large for this experiment. 

As the investigation for a delay system continued, 
it was discovered that the shutter control trigger was not - 
consistently 450 us prior to laser firing. This led to the 
abandonment of the shutter control unit as a trigger source. 

The final solution of the trigger problem rested 
with a second beam splitter, a glass slide, and a fast 
detector. The Korad KD-l Photodiode was used in conjunction 
with the Precision DC High Voltage Source, Model 1565, which 
provided the KD-l bias voltage of 1000 volts. This system 
incorporates a rapid response planar diode tube and can give 
Simultaneous measurements of both the power and the energy 
output of a laser beam. Since the KD-1l calibration had 
expired, it was decided that its output would be used as a 


trigger source rather than aS an energy or power measuring 
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source. The recommended setup for this laser monitoring 
device includes a MgO diffuser block which actS as a point 
source whose intensity attenuates as Lee When placed in 
the beam path after the glass slide beam splitter, this 
diffuse surface reflects approximately 97% of the incident 
radiation, obeying Lambert's Law for angular dependence of 
the reflection. The photodiode is then placed an appro- 
priate distance from the MgO block to attain the required 
Output signal level. This configuration, which was found to 
be quite clumsy, was modified as shown in Figure 10, and the 
MgO block was discarded. Three neutral density filters, 
giving a combined transmission of 0.1%, were used in the 
beam path prior to the KD-l detector. This produced a 
Suitable trigger signal of approximately fifteen volts peak 
from the power output connector on the rear panel of the 
KD-l assembly. In order to preserve the detector's rapid 
response time, the energy output connector, also on the rear 
panel, was terminated by a fifty ohm load in accordance with 
the manufacturer's instructions. In the configuration 
described above, the KD-l sensor became an extremely 
reliable and fast response trigger source with a rise time 
of only a few nanoseconds. This system consistently 
delivered trigger signalS approximately twenty-five 
nanoseconds prior to the detection of laser energy-target 


coincidence, 
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oe Probe Lasers 


A secondary intention of this thesis was to see how 
time-resolved reflectivity varied with changes in probe 
laser wavelength. Figure 12 shows a plot of reflectivity 
versus wavelength of the polished silicon wafers used in 
this experiment. To test this subordinate objective, two 
probe lasers were chosen in the visible range: Argon-Ion 
with a wavelength of 488 nm, and Helium Neon with a 
wavelength of 632.8 nm. Since Figure 12 shows a similar 
reflectivity of approximately forty to forty-five percent at 
these two wavelengths, time-resolved reflectivity should not 
vary Significantly with these two probe lasers. Data was 
taken, analyzed, and compared with the HeNe and ArlIon lasers 
with results in the following section. 

The HeNe laser used was manufactured by Hughes 
Corporation and gave an output power of four milliwatts. 

The Ar-Ion laser was a product of Spectra-Physics with ten 
milliwatts of output power. Other, lower power, lasers 
(< 1 mW), were available but proved less profitable as the 
sensing detector needed relatively high power to produce a 
good DC output signal from the probe lasers. 

6. Target Setup 

Considerable care was taken in the target setup 
details to guarantee the consistency of observed results. 


To properly measure time-resolved reflectivity, the 
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experimenter must insure that the annealing laser beam 
possesses the following three characteristics: 

1. variable power levels, 

2. measurable and reproducable spot size, 

3. spatially homogenous levels of energy density. 
Figures 13 and 14 show the arrangement used to accomplish 
these requirements. 

As previously discussed, the Nd:glass laser energy 
was modified using neutral density (ND) filters of varying 
transmittance. This method proved to be simple and quite 
accurate as each ND filter's transmittance was verified at 
1.06 micrometers, the annealing laser's wavelength, using 
the Perkin-Elmer spectrophotometer. Thus, the first 
characteristic of the annealing beam was accomplished. 
Unfortunately, the second and third requirements were not as 
easily fulfilled. Since the second characteristic became a 
function of the arrangement used for spatial homogeneity, it 
will be briefly discussed last. 

Figure 15 1S a photograph of the laser beam profile 
(laser spot) produced by the Korad K-1500 system. Unfortun- 
ately, there 1S no practical method of measuring the exact 
energy density in any part of the beam, since numerous "hot 
spots" exist in the profile. Other researchers in time- 
resolved optical studies have encountered this problem and 


offered various solutions. In fact, a few papers have been 
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Figure 14. Photograph of the Target Setup 
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published that deal strictly with homogenizing laser beam 
profiles [Ref. 35]. Solutions of this problem vary, bucma 
few are worth mentioning. A quartz diffuser, sometimes 
called a diffuse quartz "light-pipe", has previously been 
used with good success. This pipe-Shaped quartz crystal 
scatters the incoming laser beam and produces an output 
profile that is uniform in cross-sectional energy density. 
Within a few millimeters of the output end of the crystal, 
one can say the energy density is homogeneous across the 
center of the beam profile. Another, simpler method of 
accomplishing this task uses a mask near the target to block 
all of the incident radiation except a small portion that is 
judged to be consistently homogeneous. The laser energy 
that passes through this small aperture is then measured so 
an energy density may be established. However, this 
procedure reduces considerably the maximum output power 
available. A third method, which was chosen for this 
experiment, 1S very Similar to the quartz diffuser but uses 
ground-glass as the diffuse medium. The range of angles 
through which light is scattered is a function of the 
diffuser structure. Ground glass screens scatter most 
incident light into a narrow cone about the beam axis 
[Ref 935) 

By uSing a lens to focus the incident laser beam to 


a small spot (= 2 mm) on a ground glass surface, a Gaussian 


20 


shaped profile of energy density 1s observed a few 
centimeters aft of the ground-glass. The diameter of this 
modified beam, as shown in Figure 16, was approximately one 
centimeter and it was determined to have a uniform energy 
density over a two millimeter diameter circle centered on 
the laser spot. For this reason, the probe laser beams were 
focused down to a small spot size (approximately one 
millimeter in diameter for the HeNe laser and two 
millimeters for the Ar-Ion laser) and centered on the 
annealing beam spot. Figure 17 shows a graph of normalized 
intensity versus distance across the laser beam profile of 
the modified annealing laser and the probe laser. Near the 
center of the Nd:glass laser's gaussian profile, the beam 
intensity iS approximately uniform. The focusing distance 
and ground-glass to target distance are critical to maintain 
a good profile and are shown in Figure 13. This optical 
arrangement also produced a beam spot size that was easily 
reproducible. The beauty of this setup is its ability to 
accomplish the desired annealing beam characteristics with 
relative simplicity. 

Figure 13 also shows the target and target holder. 
Polished silicon wafers were chosen for this experiment as 
Sllicon is a basis material for many commercial and military 
electro-optic sensing systems. These wafers are device- 


grade polished silicon crystals doped with boron. The 
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Figure 16. Laser Spot Produced After Beam Modification 
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crystal orientation is 1-0-0. The target holder was 
manufactured locally and the features of its construction 
saved enormous amounts of time during experimentation. 
After each shot of the annealing laser, the silicon target 
had to be moved to enSure each test used a virgin site. 
After moving the sample, the probe laser beam had to be 
realigned so it reflected off the sample, directly into the 
sensing detector. All of these actions could be 
accomplished by adjusting the target holder-positioner. 
Once the silicon wafer was attached to the holder, it could 
be rotated about the annealing beam axis and also moved 
horizontally across the beam axis. In this way, any target 
site could be placed in the annealing beam path. In 
addition, two micrometer adjustments on the holder were 
available to position the reflected probe laser beam onto 
the sensing detector several meters away. If the annealing 
beam path is called the X-axis of a three dimensional 
cartesian coordinate system, the target holder allowed 
rotation of the sample about the Y-axis with one micrometer 
and rotation about the Z-axis with the other. This holder- 
positioner saved considerable time and effort during each 
target and laser alignment procedure conducted, prior to 
every test shot. This procedure will be discussed in detail 


later. 
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7. Detector 

Measurements of TRR require a low noise detector 
with rapid response time and sufficient DC or quiescent 
output from probe laser irradiation. The sensor that best 
fit both of these requirements was locally designed [Ref. 
36] and constructed using a United Detector Technology (UDT) 
PIN SPOT/2D detector element. Since it has been suggested 
that continuing research in this area may be pursued and 
other postgraduate students may require this detector, a 
list of the PIN SPOT/2D's specifications is given in Table 
I, and Figure 18 shows its normalized spectral response 
curve. Figure 19 is the schematic diagram of the detector 
with its impedance matching circuit. To obtain a sufficient 
quiescent output signal, large enough to overcome the noise 
Signal, while the continuous wave probe laser illuminated 
the sensor, a large resistance is needed from the reversed 
bias detector element to ground. On the contrary, a small 
resistance 1s needed to obtain a small RC time constant, 
thus ensuring a rapid response time. Two thousand ohms 
proved, by trial and error, to be a good compromise 
resistance value. If the output voltage across the resistor 
was fed into the vertical amplifier of the storage 
oscilloscope, which has a fifty ohm input resistance, an 
impedance mismatch occurred, loading the sensing element and 


reducing the quiescent output voltage. For this reason, an 


aD 


TABLE I 


UDT PIN SPOT/2D SPECIFICATIONS 


Active Surface Area 6.45 mm 
Responsivity 0.3 A/W @ 632.8 nm 
Dark Current -009 wA @ 25 V 
Capacitance 20 PpEMCHOry 
| nod a en 
7 pf @ 25 V 
N.E.P. 7 x 10714 W/ Hz 
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Figure 18. 
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impedance matching circuit iS required as shown in Figure 
19. The detecting element is connected to the gate of a 
field effect transistor (FET), an infinite resistance. The 
only load seen by this element 1s its own 2K resistance to 
ground. The oscilloscope, looking back through the drain of 
the FET, sees a Thevenin equivalent resistance of 
approximately fifty ohms, thus ensuring a fast RC time 
constant for the oscilloscope input. The detector impedance 
and the oscilloscope impedance are matched by this circuit. 
For future reference, a block diagram and an actual 
photograph of the detector are shown in Figures 20 and 21. 
The dummy BNC connector was used for electromagnetic noise 
elimination. 

The method used to check the detector rise and fall 
(recovery) times waS to compare an oscilloscope trace of the 
Nd:glass laser's output pulse using the locally constructed 
detector and another detector with known rise and fall 
times. The Lasermetrics Model 3117 photodetector was chosen 
for this comparison as its rise and fall times are less than 
one nanosecond. AS Figures 22 and 23 demonstrate, the 
oscilloscope trace produced by the PIN SPOT/2D detector is 
nearly identical to that produced by the LasSermetrics. From 
this evidence and the manufacturer's specifications, the 
experimenters calculated the rise and fall times of the 


locally constructed detector to be approximately ten 
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Figure 20. Block Diagram of Locally Manufactured Detector 





Figure 21. Photograph of Locally Manufactured Detector 
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Figure 22. Neodymium Glass Laser Pulse as Seen by the PIN SPOT/2D 
Detector 
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Figure 23. Neodymium Glass Laser Pulse as Seen by the Lasermetrics 
Detector 
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nanoseconds. Figure 24 is a graph of relative capacitance 
versus reverse bias voltage for the PIN SPOT/2D detector. 
Using a capacitance value of 5.1 pf, which corresponds to a 
reverse bias of 45 volts, and a resistance value of 2K ohms, 
the rise time was calculated to be 10.1 nanoseconds. These 
rapid response times are required for time resolved 
reflectivity measurements. 
8. Equipment for Retlection Measurements 

Figure 25 1s a schematic diagram of the apparatus 
used to record the spatial intensity distribution of the 
HeNe probe laser beam reflected off a silicon sample before 
and after target damage. The photo-multiplier tube was 
mounted on a micrometer slide which, rotated by hand, moved 
the photo-multiplier across the observation plane. A narrow 
vertical slit (0.2 mm wide) aperture was used on the photo- 
multiplier to obtain an average value of the light field. 
The information from the photo-multiplier was amplified and 
sent to the X-Y recorder where a spatial plot of the 
reflected laser beam was transcribed. This system was used 
to determine the manner in which specular and diffuse 
components of reflectivity change under the influence of 


laser irradiation. 


B. PROCEDURES 
1. System Alignment 
To ensure that accurate and reproducible data were 


obtained for every laser shot, an elementary alignment 
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Relative Capacitance Versus Reverse Bias Voltage 


Figure 24. 
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procedure was followed. After the Nd:glass laser was fired 
and data recorded, the target sample was repositioned using 
the holder-positioner previously discussed. This was done 
to provide a virgin site on the target material for each 
test run. Next, the probe laser spot was matched with the 
spot from the HeNe alignment laser on the K-1500 system. 
This step insures that the sample 1s uniformly irradiated at 
the probe laser spot where reflectivity charges are 
measured. Then the two micrometer adjustments on the 
holder-positioner were used to align the reflected laser 
beam directly on the sensing detector, maximizing its output 
voltage. A typical DC (quiescent) output voltage from the 
detector was forty millivolts uSing a HeNe probe laser. The 
final step was to verify again probe laser and alignment 
laser spot colncidence. 
2. Energy Measurements 

In the path of the annealing beam are two glass 
slide beamsplitters, one ND filter, one lens and a slide of 
ground glass prior to the silicon target. Since the energy 
meter measures laser output energy before the beam is 
modified, the actual energy on the target cannot be easily 
calculated, particularly since a diffuse medium lies in the 
beam path. To overcome the mathematical difficulty of 
trying to calculate the energy deposited on the silicon 


sample, the following method was used. 
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First, the average output energy of the K-1500 laser 
system was measured after a sufficient "warm-up" period. 
This was accomplished by averaging a series of fifteen laser 
firings timed two minutes apart. Consistent time intervals 
between shots proved to give more consistent output energy 
levels from the Korad laser system. 

Next, the energy meter probe was moved to the exact 
position that the target occupies, keeping the identical 
Spacing aS was maintained between the ground glass and the 
target. The glass slide beamsplitter used in conjunction 
with the energy meter was left in the annealing beam's path. 
With the energy meter in this new position, another series 
of fifteen equally spaced laser shots was taken. From the - 
mean values of the two series of energy readings, a 
percentage of energy transmitted to the target was 
calculated. This value was 59.5%. Therefore, the actual 
value of energy on the target is 59.5% of the energy 
measured at the output of the K-1500 laser system. This 
percentage applies only when the ND filter 1S absent. When 
a ND filter 1S present, the 59.5% value must be multiplied 
by the transmittance of the filter. 

For laser pulses whose energy is within one standard 
deviation of the mean laser output energy reading, the 
approximate error in energy meaSurement is 10%. This figure 


was determined through consideration of the value of the 
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Standard deviation of laser pulse energy, the inherent 
detector measurement error, and the error in the listed 
values of percentage transmittance for the ND filters. As 
was previously mentioned, numerical values for the 
percentage transmittance of the ND filters at 1.06 um were 
obtained experimentally through use of the Perkin-Elmer near 
infrared grating spectrophotometer. 

The most important parameter of these meaSurements 
is the energy density at the target surface. This was 
easily computed by keeping specified distance between the 
focusing lens, ground glass and target, thus maintaining a 


constant spot size of 1/4 cm 


on the silicon sample. For 
these energy density computations, a uniform beam profile 
was assumed. 
3. Noise Reduction 

It has been suggested that continuing research in 
TRR and electro-optic device damage due to laser irradiation 
be conducted at the Naval Postgraduate School. For this 
reason, a detailed analysis of noise elimination procedures 
will be discussed, in the hope that future students may gain 
from the lessons learned during this experimentation. The 
K-1500 laser system produced two types of noise that had to 
be eliminated or considerably reduced before any useful 


information could be obtained from the experimental 


apparatus previously described. These two classifications 


OW 


of noise were high frequency electromagnetic and optical. 
Each will be discussed separately. 

Two self-contained, cabinet-style power supplies 
accompany the K-1500 laser system; one capable of charging 
up to 5 kV for the laser oscillator, and one 10 kV formed 
amplifier. These high voltage power supplies charge 
internal capacitors to a preset voltage prior to laser 
firing. When the laser is fired, each capacitor is 
discharged into its respective flashlamp. The subsequent 
optical pulse from the flashlamps pumps the Nd:glass rods 
used for lasing. Concomitant with the discharging 
capacitors is a high frequency electromagnetic pulse that is 
easily detected by the dianostics used. Each individual 
piece of the experimental apparatus was constructed with 
internal shielding by the manufacturer and standard, 
shielded, coaxial cables were used for connections between 
all equipment. Despite these precautions, the 
electromagnetic noise pulse generated by the power supplies 
was sufficient to mask all essential information displayed 
on the oscilloscope. To further aggravate this problem, 
metal holders and stands on the optical bench, that were 
employed to hold various optical filters in front of the PIN 
SPOT/2D detector, acted as antennas and re-radiated small 
amounts of the electromagnetic noise. These secondary 


antennas complicated the problem of noise source isolation. 
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Several methods were used to reduce the electro- 
magnetic noise from the laser power supplies. fThe first 
step taken was to isolate the diagnostic equipment, 
particularly the storage oscilloscope, from the 110 volt 
A.C. supply line in the laboratory. This was accomplished 
by placing an isolation transformer between the wall socket 
supply line and the power cord of the oscilloscope. Another 
noise reduction method was to remove all ground loops that 
were directly or indirectly connected to the vertical 
amplifier of the oscilloscope. A previous arrangement of 
the experimental apparatus incorporated a power supply for 
the PIN SPOT/2D detector that required a 110 volt source. 
This setup contained a ground loop from the detector power. 
supply cord through the vertical amplifier to the 
oscilloscope power supply line. Since the detector power 
supply and the oscilloscope had a common connection through 
the wall socket, an inherent ground loop was formed. To 
eliminate this problem, the detector power supply was 
replaced by a shielded battery voltage supply attached 
directly to the rear of the detector as shown in Figure 20. 
This eliminated the common ground between the oscilloscope 
and detector. Since electromagnetic wave intensity 1S a 
BOUnGtlon of i/R°, where Ris the distance from the source, 
one of the more simple methods of noise reduction involved 


moving the diagnostic equipment away from the EM noise 
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source. The confines of the laboratory limited this 
separation to approximately six meters, but this action 
aided considerably the noise reduction process. Another 
advantageous procedure was double shielding the coaxial 
cables between the detector and the oscilloscope, which 
decreased the EM noise picked up by standard BNC cables. 

The 7A24 dual trace vertical amplifier unit of the 
storage oscilloscope has a summing capability that allows 
algebraic addition or subtraction of two input signals. To 
take advantage of the common-mode rejection capabilities 
offered, two coaxial cables were placed in the same double 
shielding jacket and connected between the oscilloscope and 
the PIN detector. As Figure 20 shows, a dummy BNC connector 
was mounted on the detector package. This was connected to 
channel one of the 7A24 by one of the coaxial cables in the 
common jacket. The second cable joined the PIN detector 
output with channel two of the 7A24. By inverting the 
channel two input signal to the 7A24 and summing it with the 
channel one signal, any common EM noise picked up by the two 
coaxial cables was eliminated. As well as reducing EM 
noise, this setup allowed a "positive" oscilloscope display. 
In other words, an increase in detector signal, which 
accompanies an increase in reflectivity of the silicon 
sample, produces a greater negative output voltage from the 


detector. This signal is inverted at the channel two input 
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of the 7A24 before it is displayed, so an increase in signal 
level on the oscilloscope display is indicative of an 
increase in sample reflectivity. 

A final step taken to reduce the electromagnetic 
noise that appeared in the output display involved removing 
the metal, optical bench holders that were in close 
proximity of the PIN SPOT/2D detector. A metal shield 
mounted directly on the detector front was used instead of 
an optical bench stand to hold the optical bandpass filter. 
This eliminated the problem of re-radiation by secondary 
antennas. 

The second classification of noise that masked or 
inhibited the output display of this experiment was optical. 
Once again, the source of this noise was the K-1500 laser 
system. White light from the flashlamps of both the laser 
oscillator and amplifier had sufficient intensity to flood 
the PIN SPOT/2D detector thereby concealing the important 
information displayed on the oscilloscope. This occurred 
even though the detector was facing away from the laser 
assembly. To remedy this situation optical shielding was 
used to cover the laser assembly and a five foot long hollow 
cardboard tube was placed at the output end of the laser 
amplifier along the beam axis. The inside of the cardboard 
tube was darkened with flat black paint. This ensured that 


most of the white light leakage from the flashlamps was 
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contained. However, even though these measures were taken, 
sufficient light travelled down the beam axis through the 
darkened tube to mask the TRR information. By employing a 
bandpass filter on the face of the PIN SPOT/2D detector, 
this final amount of optical noise was reduced to an 
acceptable level. The one nanometer wide bandpass filter 
was centered on the HeNe laser wavelength, 632.8 um. A 
Similar filter was utilized for the Argon Ion probe laser, 
with one nanometer bandpass centered at 488 um. 

Figures 26 and 27 show the sequence of noise shots 
taken prior to each data run. The first is the oscilloscope 
display with the PIN detector masked. All other equipment 
was configured for a normal test shot. The figure shows a- 
few millivolts of high frequency electromagnetic noise. The 
latter 1S a picture of the oscilloscope display with the 
detector unmasked and the probe beam off. The difference 
between these two pictures iS due to optical noise. Figure 
28 iS a noise shot taken with the bandpass filter removed. 
The large D.C. component of this signal is produced by the 
fraction of white light from the flashlamps traveling down 
the beam axis, and reflecting off the target into the PIN 
detector. 

The noise reduction techniques outlined here enabled 
the discrimination of PIN SPOT/2D detector signal from the 


increased noise level attendant with the pulsed laser 
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Figure 26. OQutput Signal of PIN Detector Showing High Frequency EM Noise 
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Figure 27. Qutput Signal of PIN Detector Showing High Frequency EM and 
Optical Noise 
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Absent 


Figure 28. 


firing. Lt is hoped that future researchers may find these 


procedures useful when operating under similar constraints 


of signal to noise level or pulsed laser generated noise 


environments. 
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V. RESULTS 


A. ANALYSIS OF TRR SIGNATURES 

The results of the TRR experimentation were in general 
agreement with the empirical model of Lowndes et. al which 
was discussed previously (see Figure 6). Variances in Tae 
the time required for the reflectivity to rise from the D.C. 
value to the maximum value, were observed for the two 
different probe lasers. The Argon-Ion laser consistently 
exhibited longer rise times, a fact attributed to the 
Spatial averaging effect of this laser's larger spot size (2 
mm diameter vice the 1 mm diameter of the HeNe probe laser). 
The rise time for the HeNe laser was generally on the order 
of 30-40 ns as compared to the values of = from 50-70 ns 
for the Argon-Ion laser. These figures were relatively 
constant for the respective probe beams at varying levels of 
pulsed laser energy density. 

The total time for which the surface of the sample 1s 
molten is denoted by the symbol +t. Figure 29 shows the plot 
of +t versus pulsed laser energy density. The graph displays 
the observed result that t increases for increasing values 
of energy density. As the energy density 1s increased, the 
melt front penetrates more deeply into the sample. After 


the heating laser pulse, the material begins to cool and 
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recrystallizes. Thus 1t can be seen qualitatively tChatwaae 
time required for complete recrystallization is dependent 
upon the depth to which the melt front has penetrated and 
consequently the energy density of the heating pulse. 

The maximum value of reflectivity observed was dependent 
upon the pulsed laser energy density and the wavelength of 
the probe laser. Variations in the value of R(max)/R(DC), 
the normalized maximum reflectivity, for the different probe 
beams at similar pulsed laser energy densities were ascribed 
to differences in detector response for the two wavelengths 
(see Figure 18), the Si sample's reflectivity versus 
wavelength characteristics (Figure 12), and the 
dissimilarities in spot size and output power of the two 
probe lasers. The data, obtained utilizing the He-Ne probe 
and displayed in Figure 30, seem to approach an asymptotic 
value of normalized max imum reflectivity at R(max) /R(DC) 
equal to approximately 1.85. Using this number and the 
R(DC) value of 0.40 for the wavelength 632.8 nm, obtained 
from the Perkin-Elmer spectrophotometer, the actual value of 
peak reflectivity can be calculated. This calculation 
assumes linear detector response and that the reflectance 
Standard used for the spectrophotometer (aluminized mirror) 
has an R value of 1.0 at 632.8 nm. With these assumptions 
the calculated value of R(max) was found to be 0.74, in good 


agreement with the accepted value for molten S1 of 0.73 
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(Ref. 37]. Unfortunately, no such calculation was possible 
utilizing the Argon-Ion probe laser data. No asymptotic 
limit was inferred from this data; R(max)/R(DC) continued to 
rise as pulsed laser energy density increased (see Figure 
31). This was a peculiar finding as one would expect the 
maximum reflectivity to reach some constant value associated 
with molten Si, aS was the case for the HeNe probe beam. 
The cause of this anomalous behavior may lie with errors in 
the spatial coincidence of the large Argon-Ion probe spot 
and the pulsed laser spot. 

The threshold energy density for reflectivity increase 
for both probe beams was observed to be approximately 0.46 
3/om*. Below this value of pulsed laser energy density, no 
evidence of enhanced reflectivity could be detected. For 
values of energy density from 0.46 to 1.05 3/om* 
reflectivity from the surface showed an increase and 
following the laser pulse, a decrease to the original value 
of reflectivity, R(DC). Energy densities greater than 1.05 


J/om* 


produced enhanced reflectivity but also evaporated 
material from the target surface. This resulted in bulk 
surface damage and a final value of reflectivity less than 
R(DC). The degree to which the post-irradiated value of 
reflectivity was less than R(DC) was found to be dependent 


primarily upon energy density. Higher laser energy 


densities caused a greater level of material evaporation and 
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Cratering thereby roughening the sample surface and giving 
rise to less specular and more diffuse reflection of the 
probe beam. Figure 32 shows TRR Signatures for various 
energy densities and from this depiction the value of these 
traces in the determination of thresholds for melting and 


bulk surface damage can be readily seen. 


B. EXAMINATION OF SURFACE DAMAGE BY OPTICAL MICROSCOPY 
Employment of optical microscopy to determine the energy 
density for surface damage to the target served to verify 
and refine the threshold value obtained by TRR measurements. 
Evidence of cratering in wafer surface was observed for 
laser energy densities greater than 0.88 g/om*. An optical. 
micrograph of this damage level is displayed in Figure 33. | 
The degree of surface irregularity caused by this energy 
density was insufficient to effect any major increase in the 
diffuse reflection component of the probe laser beam. 
Figures 34 through 37 show an increasing extent of surface 
cratering for corresponding increases in pulsed laser energy 
density. In addition, these figures demonstrated that the 
crater density decreases with distance from the center of 
the laser pulse impact area. This was to be expected as the 
laser pulse was best described as Gaussian in shape. 
Correlation of the optical micrographs with the TRR 
Signatures showed the threshold for surface damage was 


between 0.88 and 1.05 I/om?, and the dependence of the 
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Figure 32. TRR Signatures of Si(100). Nd:glass Laser Heating Pulse 
(1.06 um), HeNe cw Probe Laser (632.8 nm) 
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Figure 33. Laser-Induced Surfac 
Density of 0.88 J/cm 
100X magnification by optical microscope) 


§ Damage to Si Wafer at a Laser Energy 


84 


Z 


nt 











oe 








5 
ee 


Se 
EE 







Figure 34. Laser-Induced Sur facg Damage to Si Wafer, at a Laser Energy 
Density of 1.21 J/cm 
50X magnification by optical microscope) 
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Figure 35. Laser-Induced surfacg Damage to Si Wafer, at a Laser Energy 
Density of 1.47 J/cm 
(SOX magnification by optical microscope) 


86 





at a Laser Energy 


5 Damage to Si Wafer 


Laser-Induced Surfac 
Density of 2.56 J/cm 


Figure 36. 


(50X magnification by optical microscope 
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Figure 3/. Laser-Induced Surface Damage to Si Wafer, Energy Density 
on Target, 3.3 J/cm2 
(50X magnification by optical microscope) 
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severity of surface damage upon pulsed laser energy density 


was CONE1Imed. 


ce. SPECULAR VERSUS DIFFUSE REFLECTION 

It was found that surface damage due to laser pulses 
with energy densities of less than =1.2 3/em* contributed 
little to the formation of a diffuse component of 
reflection. Increases in the diffuse component were noted 
when the TRR traces showed a value of R(final) less than the 
original R(DC). The primary mechanism for this change from 
specular reflection was laser-induced surface damage. 
Figure 38 displays this fundamental concept. The results of 
specular versus diffuse reflection measurements for an 
undamaged sample and an irradiated sample are shown in 
Figure 39. Further work on quantitative measurements of the 
Variation between specular and diffuse reflection for 
varying laser energy densities would be of significant 
interest to military applications of lasers as EO 


countermeasures. 
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Figure 38. Polar Diagrams Showing the Reflection Obtained from Surfaces 
of Decreasing Roughness 


I (relative units) 





I (relative units) 
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Figure 39. Probe Laser Irradiance Versus Beam Radius for Reflection 2 
from Si Sample: a) before irradiation, b) after 3.3 J/cm , 
20 ns pulse 
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Viewer CONCLUSIONS 


Time-resolved reflectivity measurements during pulsed 
Nd:glass laser irradiation of extrinsic silicon were 
performed to determine the energy density thresholds for 
melting and surface damage. Studies using optical 
microscopy (50 X) were conducted to verify the extent of 
surface damage to the irradiated semiconductor samples. 
Qualitative correlation between the laser-induced surface 
damage and the degree of probe laser beam scattering was 
also conducted. 

TRR proved to be an accurate indicator of surface 
melting due to pulsed laser optical heating. The duration 
of the solid to liquid phase change was easily ascertained 
by employing the TRR technique. It was found that the 
duration of surface melting for the p-type silicon was 
proportional to the incident laser pulse energy density. 
The threshold or minimum value of energy density to 
accomplish surface melting was observed to be approximately 
0.4 3/om*. Surface damage of a magnitude to cause 
Significant scattering of the probe laser beam occurred for 
incident energy density values of 1.05 3/em? SCE ceater- 
This was verified by the optical microscopy studies. The 
surface damage was caused by evaporation of target material 


due to the higher pulsed laser fluences. 


oe 


Several experimental factors, in addition to pulsed 
laser energy density, affected the nature of the TRR 
signatures. A dependency of the reflectivity rise and fall 
times upon probe laser beam spot size was noted. Larger 
spot size caused lengthened rise and fall times due to 
Spatial averaging effects. Perhaps the most important 
Single factor was the choice of detector. The PIN SPOT/2D 
served adequately in this experimentation, displaying 
sufficient sensitivity and response time for operation in 
the nanosecond time regime. Other locally-held detectors, 
including the LasSermetrics and KORAD K-l, were deemed 
unsatisfactory for this application. 

In summary, TRR provided information concerning target - 
damage which was unobtainable through post-irradiation 
measurements. The nanosecond time scale resolution of the 
laser-induced damage process allowed for accurate analysis 


of the target melt dynamics. 
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VII. RECOMMENDATIONS FOR FURTHER RESEARCH 


The study of laser effects upon semiconductors involves 
the investigation of a multitude of physical phenomena. 
This research has dealt with but one of these areas of 
interest, time-resolved reflectivity. During the course of 
this experimentation, topics of possible importance with 
regard to future research became evident. 

Thresholds of laser energy density for the melting and 
surface damage of other semiconductor materials may be 
determined using the TRR technique. Gallium arsenide and 
mercury-cadmium telluride are but two of the technologically 
significant substances which would be likely choices as 
target material. The apparatus described herein is, in 
fact, Suitable for measuring the TRR of any highly-polished 
(1.e., Specularly reflecting) surface. The target need not 
be a semiconductor, as perhaps results of multi-layer 
dielectric reflection under the influence of pulsed laser 
irradiation might be of some import. Ultimately, it would 
be desirable to irradiate actual photodetectors and EO 
sensors so aS to ascertain their susceptibility to laser 
damage. 

The versatility and usefulness of the Nd:glass pulsed 
laser system could be improved through eventual modifica- 


tions. The implementation of a beam homogenizer, effecting 


S18. 


a uniform cross-sectional beam energy density, would allow 
more accurate spatial determination of energy deposition on 
the target. In addition, the use of a KDP (potassium 
dinydrogen phosphate) crystal to accomplish efficient 
frequency doubling would enable the laser system to produce 
Q-switched, giant pulses in the visible range of the 
Spectrum. For the annealing of semiconductors, the visible 
pulse would provide a more efficient laser energy-target 
Goupling. 

Increasing the range of laser energy densities to values 
greater than three Joules per cm would be a logical 
extension of this research. However, at sufficiently high 
energy densities dielectric breakdown of air and plasma 
production occur. For this reason high energy density 
studies should be conducted in vacuo. Solid-state as well 
as electrical analysis of the irradiated samples remains to 
be investigated. Variations in extrinsic semiconductor 
impurity concentrations and electrical conductance and the 
possible deleterious effects of such variations on detector 
performance may warrant future examination. 

Finally, the concept of specular versus diffuse 
reflection from the laser irradiated silicon wafer was only 
qualitatively pursued in this research. Further efforts to 
quantitatively measure the specular versus diffuse 


components of reflectivity, following the semiconductor's 
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Irradiation by varying laser energy densities, would be 
worthwhile and have considerable bearing on the subject of 


EO countermeasures. 
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